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ABSTRACT
STRUCTURE OF STABLY STRATIFIED

TURBULENT BOUNDARY LAYER

The structurc of a stably stratificd thick boundary layer
developed in a met:rological wind tunncl is investigated experimentally,
Measurements of mean velccity, mean temperature, turbulent intensities,
shear stress, heat fluxes and turbulent spectra made at a station 78 ft,
from the leading edge are reported. Turbulent quantities were measured
by using different hot-wire probes; the measurement technique which is
a modificatior of the procedure suggested by Kovasznay (1953) is des-
cribed. The results show that stability greatly reduces the turbulence
in the boundary laver.

The structure of the wall layer i, discussed in the light of
Monin and Obukhov's (1954) similarity theory and Ellison's (1957) theory.
The results are also compared with previcus measurements in the labora-
tory and in the surface layer of the atmosphere in stable conditions.
It is shown that mean flow and turbulent characteristics of the wind
tunnel boundary laver are well described by the similarity theory, and
that this theory provides a good basis for the wind tunnel modeling of
similar characteristics of the atmosnheric surface layer,

Measured spectra of lateral and vertical velocity rluctuations
are shown to agree with Kolmogorev's (1941) similarity theory irrespec-
tive of the stability. The results are compared with Heisenberg's

(1948} theory for the equilibrium spectra. Spectra of temperature




fluctuations are shown to have similar form in agreement with Corrsin's

i (1951) theory. No buoyancy subrange could be identified in anv ~f the

spectra.
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Chapter 1

INTRODUCTION

A fluid is considered to be stratified when its mass density
varies with height. The changes in fluid density may occur due to
changes in temperature, salinity, or some other cause. When density in-
creases with he’~ht, a fluid particle having moved upwards or downwards

from its position of equilibrium will be subjected to a buoyancy force

which will try to move it farther away. This type of stratification is
called gravitationally unstable. If density decreases with height, on

the other hand, the buoyancy force on the shifted particle will try to

SR MR

bring it back to its equilibrium position, and the stratification in that

case is called stable,
Density stratified flows are abundantly met in nature, e.g., in

the atmosphere, ocean, tidal channels, ~tc., When stratification is

: caused by inhomogeneities in the temperature field, it is commonly re-
ferred to as thermal stratification. Not in all temperature varving
fluid flows are buoyancy ftorces important. For example, in most of
laboratory heat transfer studies, where temperature gradients are small,
stratification effects are found to be negligible, A quantitative
measure of the effect of buoyancy forces on the flow regime is the
Richardson number. The Rrichardson number for the above-mentioned
studies happens to be very small. However, it is not peneratly thi:
smali tor the atmospherie tlows of meteorological nterest, n which

stratification effects must be constdered. Thererors, 1t 1< not




surprising that most of the experimental and theoretical work on
thermally stratified flows has been done in connection with the atmos-
pheric becundary layer.

Sufficient interest in measuring turbulence in the atmosphere
developed only after 1950; earlier data pertain almost exclusively to
the mean velocity and temperature distribution. Theoretical develop-
ments came even later. A comprehensive similariiy theory was put forward
by Monin and Obukhov (1954), which for the first time provided a theo-
retical framework for the presentation and mutual comparison of data from
different sources. Other theoretical models based on the dynamical
equations have been proposed by Ellison (1957), Townsend (1958), and
Monin (1965), anong others, Sufficiently accurate and simultaneous
measurements of turbulent intensities and fluxes have not been available,
however, to verify, conclusively, the results of these works and various
assumptions involved in obtaining them. It is felt that laboratory
studies, in which the conditions of the model flows can be artificially
created, will, perhaps, be more useful than field studies for checking
and supplementing the results of the existing theories, and for develop-
ing new ones. Not only can flow conditions in the laboratory be main-
tained steadily for a sufficient time to take accurate measurements, but
also these conditions can be systematically varied whenever necessary.

Only very few laboratory studies of the stratified fluid flows
existi. FEllison and Tumer {1959, 1960) investigated the entrainment
characteristics of & mixaing laver of salt solution in a rectangular pipe.
mebster (1964) studicd the etfect of stability on the turbulent inten-
sities and turbulent fluxes at (nc center-line of 4 wind tunnel where

mean velocity and temperature varied linearly  His data, however,

[P
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showed some peculiarities of the patticular wind tunnel in that
extremely high values of the ratio K”/i(M were observed, and the flow
in the wind tunnel appeared to be highly developing.

The present study of the thermally stratified boundary layer in
the Fluid Dynamics and Diffusion Laboratory at Colorado State University
has be-n undertaker as part of a long-time project which aims at labora-
tory simulation of various atmospheric phenomena, viz., mean veloucity and

temperature profiles, turbulent intensities and scales, and turbulent

diffusion. Thz requirements of such modeling and some previous experi- %
mental work in the meteorological wind tunnel designed for this purpose
have bcern reported by Cermak, et al., (1966). Plate and Lin (1966), and
Chuang and Cermak (1966) sh~wed that the velocity profiles in the wind
tunnel are similar to those observed in the atmospheric surface layer

and are in gocd agreement with Monin and Obukhov's (1954) similarity

theory. This earlier success in establishing a preliminary basis for
the modeling of mean velocity profiles encouraged the present study of
turbulence structure in a thermally stratified boundary layer, the pri-
mary objective of which is to see whether a similar basis for the model-
ing of the turbulence structure also exists, 1t will be shown that this
indeed is the case, The results of the present measurewerts will also
he used to verity some of the results and assumptions ot Cllison's (1957)
theory. Finally, the results of the measured one-dimensional spectra

of velocity and temperature fluctuations wili be presented, and these
will be coapared with holmogorov's (1941} simijarity theory for small

scale turbulence.




Chapter 11

THEORETICAL AND EXPERIMENTAL BACKGROUND

Most of the research cn thermally stratified fiows has been done
in connection with atmospheric and oceanographic studies, A brief re-
view of the various theoretical and experimental works is given in this
chapter. Some earlier measurements taken in the laboratory flows are
also discussed. The need of more comprehensive experiments in the labo-
ratory to verify and improve upon the existing theories and to develop
new ones is emphasized. The relevancy of the present experiments is

broughkt out in this connection.

2.1 Dynamical Equations:

The two dimensional boundary layer flow of s thermally
stratified fluid is considered, The fluid is assumed to be incompress-
ible aiiiough the density is not uniform. This means that *l.e changes
in the density are entirely due to changes in temperature, not to changes
in the pressure. Then, the dei'sity and temperature fluctuations are

simply related as

o' = -5 U (2-1)

in which p is the mean densitv, T the mean ahsolute temperature,
and o' and t' ure respectively the fluctuations in p and T

Let U, V and W denote the components of the ucan velocity,
and u', v' and &' corresponding fluctuations in x, y and z
directions. Then, the conventional boundary layer approximation for two

dimensonal mean motion an x, o I-plape gives the tollowing eguations:
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in which v and a are molecular diffusivities of momentum and heat.
For turbulent motion, following the scheme of Lumley and

Panofsky (1964), or Monin and Yaglom (1965), equations can be developed

for any arbitrary number of single point statistical moments. These

constitute, however, an unclosed system., Of special importance are the

equations for the second moments which include the energy equation. With

an additional assumption of plare-homogeneity which is reasonable for a
u'2 ;T7'

well-developed boundary layer, the {ollowing equations for u'¢,

- — —

2 .
w'o, u'wt, t'z, u't' and w't' can be cbtained,

="
1 su y 177 1 du'? 1 o 30
e 9 2o v 2 = !
T 3z 2% Y P Y " f P
Iy re LY :
u’'w -5-2— —Cu' (?-S)
. ] -
B A R T ! A I
AT - SRS ATl U S L O EAL
— ——1§ DR
1wt ) 1 e W' '
. % e o (2-7)
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: 3t 9z [ utw!ts ;—u VYV a2 =5 P Gx * 7% )
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) u't T o ¢ _u__ _ v 2o = = e
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T ! T Y
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1 at ' =2 T g 42 _
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The dissipation terms €,1 Fgr  €C., are given by:
L _ { 3u? 2 . !3u| 2 . _a:,_u\ Z
weotvgm | vy ]
i
[y \§ 2 2 :
vty at! at!' !
. = = —_ 2-12 j
Lt, (xwt x] + ay) +( 12 ) | ( ) §
and so on,

b b SO T

On the left-hand side of Lgs. (2-5) through (2-11), the first
term represents the time rate of change of the turbulent quantity in
question, which vanishes under steady state conditions. The various terms

in the bracket of the :ccond term are due to transport by diffusion. Of
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. these, the molecular diffusion term is usually negligible except in

the viscous sublayer close to the boundary. On the right-hand side, the
first term represents the effect of pressure fluctuations in redistribu-

ting energy among various fluctuating components. This term is absent in

Eq. (2-9). Terms like -u'w!' 99—, w't’ T , etc,, are the so-
9 32 3z

called production terms which represent the work done by the mean flow
against the turbulent shear stresses. The absence of production terms in
Eqs. (2-6) and (2-7) is noteworthy. Thus, the energy is first supplied
from the mean flow to the longitudinal fluctuations alone; it is then re-
distributed to other components through pressure fluctuation terms.

Terms containing the buoyancy parameter % , are due to thermal
stratification,

Equations (2-5) through (2-7), when added together, give an over-

all turbulent energy balance as

. 2 _—
1 3q'° i 21— 1y 2
LY z‘q”*;““z‘“ﬁq}'
——— 3 g — .
Tt Y & Yo _ 2-13
U = F oWt € ( )
. . 7 2 2 2 )
in which q'" = u! + oy + w' | and ¢ is the total turbulent

energy dissipation. Much information on the structure of turbulence in
a thermally stratified boundary layer could be obtained if the magnitude
of various terms in the dyvnamical cquations could be determined. Rut
such a complete detsrmination has not been possible so far even for
simpler unstratitied houndary laver flows. *easurement ot pressure
fluctuation terms has been the greatest obstacle. 1t 1s theretore more

convenient to study the total enerpy halance where these terms add up to

Zero hecause of the continarty equation for the tlaciuation metion, 1 .¢

oo et oy st s s 0 sch studres tor neatral boundars Javer




have been made by Townsend (1951), Klebaaoff (1955), and Bradshaw (1967)
among others. It has been suggested (e.g., Rotta (1962)) that in the
wall layer diffusion terms are too small and production and dissipation
must be approximately in balarce, But, in the outer layer, diffusion
terms might be important,

For stratified flows tic additional term due to buoyancy is

present. The effect of buoyancy on the energy balance is described by

the flux Richardson number defined as

Re = T —— = (2-14

If one formally defines the turbulent diffusivities of heat and

momentum as

E
[ag

.

(2-15)

Q>
~N

and

1
K = - )
3z

[

=
x

C.

’ (2-16)

then, the relation between Rf and the ordinary Richardson number Ri R

is given by

8 gf KM
R. = Pl = s R

2-17
i T EU} 2 KH f { )

RP4 i
j %

Re 1c positive for stable stratification and negative for
unstable stratification indicating that in the former, energy is
drawn by the buovancy from the turbulence and in the latter it is

suprlied to the turbulence.




The energy budget in the atmospheric boundars layer from heights
of 25 to 100 meters was given by Panofsky (1962). It was shown that the
term %E~(q'2w') is import:nt for large negative Richardson number,
but it is quite small for small Richardson number. For the near ground
layer, which is not very strongly stratified, Taylor (1952) showed that
the production and dissipaticn are the only important terms. Of course,
for strong stability or instability cases, the buoyancy term will be
important too. Then, Eq. 72-13) in the absence of diffusion terms and

for steady conditions becomes

e = - u'w!' g%- + %- wit? (2-18)

and can be used to determine dissipation ¢ , which is extremely diffi -

cult to measure directly. Similarly, Eq. {2-9) can be written as

— 3T
- gy 22 -
€t 2 w't a2 (2-19)

which can be used to determine ‘''dissipation" ¢ of the mean square

t'
temperature fluctuations in the region where diffusion terms are likely to
be small. For a flat plate boundary layer, Eqs. (2-18) and (2-19) may be

expected to be valid for < 0.1, excluding, of course, the viscous

Onf e

sublayer. All terms except ¢ in Eqs. (2-18} and (2-19) have been meas-
ured in the przsent study. During discussion of results the value of

€ as determined from the measured .pectra of temperature fluctuation

t t

will be compared to that obtained from Eq. (2-1").
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2.2 The Effect of Buoyancy on Turbulence:

Stewart (1959) has examined the effect of buoyancy forces on
turbulence by cunsidering Eqs. (2-5) through (2-11) without the rela-
tively unimportant diffusion terms. Under conditions of stable stratifi-
cation, buoyancy directly acts on vertical fluctuations to reduce w'

as in Eq. (2-7), which then affects, in the same sense, -u'w' and

u'2 respectively, through Eqs. (2-8) and (2-3). Since the energy to

mte—

v'2 and w'2 is transferred from u'" by pressure fluctuations, a

decrease in ;?5 will be reflected in the further reduction of w'2 and
also of ;Ti.. The above cycle will be repeated until a new equilibrium
has been reached. This simple mechanism is by no means complete and has
to be medified somewhat by ditfusion terms. But, the fact that the
effect of buoyancy is to suppress the turbulence as a whole, rather than
the vertical component alor:, is clearly brought out. Still, the effect
on the vertical component is more significant than on other components,
which causes anisotropy under strongly stable conditions.

Stewart's (1950 physical arguments about the relative efficiency
of the pressure fluctuation mechanism and the decay mechanism furthe:
led him to the conclusion that the maximum possibl> value of Rf under

stationary :onditions should be considerably less than unity, This has

been supported by all the experimental measurements of R_., although an

f)

agreement on what the maximum value should be, has not been reached,

This maximum valuc of Rf has been referred to as critical flux

Richardscen number Rf , by Ellison (1957) and Tewnsend (1958),

or
According to Townsend, the critical condition arises from a

fatiure to achiceve cuuthibriuva 1in the nteractions hetween the




"
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temperature (bvoyancy) field and the turbulent motion. He explains it
by expressing production, buoyancy and dissipation terms, for given
. . 1
gradients of mean temperature and velocity, as proportional to 1, 5
and ; - sowers of the turbulent intensity, respectively. Further, it
is explained that introduction of radiative transfer may change this
critical condition. For a non-developing constant flux layer near a
restraining boundary, Ellison (1957) has estimated a value for Rf 2/ 0.15,
- = cr

after making some assumptions regarding the ratio q' /w'  and the rela-

. . Z 2 . . .
tive destruction of t'°" and gq'" in the imagined absence of their pro-
duction terms. Experiments of Ellison and Turner (1959) in the mixing
layer of salt and fresh water in a pipe also have been shown to favor a
value of Rf < .15 ., Analysis of Proudman (1953) of data from the gulf

cr
of Kattegat, on the other hand, indicated a value of Rf =0.3 .,

cr

It has been pointed out by Ellison (1957) and Stewart (1959) that
the ratio KM/KH increases with increasing stability and it becomes
very large near the critical value of Rf so that, there need not be
any limiting value of R.1 . Reporting on some measurements of J.S.
Turner in the Cavendish Laboratory, Townsend (1958) has suggested that,
near critical conditions, the motion mav take the form of irregular gra-
vity waves in which the transfer of momentum is much more intense than
the transfer of salinity {(or heat). Stewart (1959} points out that it
is doubtful whether satisfactory results can be obtained by treating such

a motien as turbulence in the ordinary sense.
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2.3 Theories of Turbulence in a Stratified Fluid:

2.3.1 The Monin-Obukhov Similarity Theory:

Atmospheric turbulence data have often been presented in
the framework of the similarity theory of Monin and Obukhov (1954). The
basic assumptions are that the flow is homogeneous in the flow direction
and fluxes remain essentially constant with height. Then, consideration
of the pertinent variables leads to the following length, velocity and

temperature scales:

u 3 \
Lz - —
Y HO 3
K # (FC_)
P
Vo = u, , (2-20)
H
and T' = - __.9_..._
QCP xu,

in which u, = vt,/p , is the so-called shear velocity, and H0 is

the wall heat flux. The length scale L 1is called Monin-Obukhov length,
According to the Monin-Obukhov similarity theory, all the mean
flow and turbulent quantities when nondimensionalized by a proper combi-
nation of L, u, and T, , must be universal functions of the stratifica-
tion parameter %
Thus, for the mean velocity and temperature profiles, the theory

predicts
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which on integration give

u, z ‘
UGz - UG ) = — | fE) - f (D) , (2-23)
and
- 2 ¢ 1
T(2) ~ Tz ) = T, | £ - £ (=) : (2-24)

In Eqs. (2-23) and (2-24), =z is a reference height which can be

ref
taken as some appropriate fraction cf L .

Universal functions ¢(%9 , f(é) , etc., canunot be predicted by
the similarity theory alone, It has not been possible to determine the
form of these functions from other theoretical considerations. Only
their behavior in the asymptotic sense of % + *+ » has been predicted
{see Monin and Yaglom (1965)).

The so-called log-linear law nas been suggested as a first

approximation of the Egs. (2-2%) and (2-24) . It can be expressed as

U ) U . U, :ﬁgn z . B {Z - 2 £ \‘ 3
(2) - Uz ) = — a0 P Tref (2-25)
. ref L ;
r L.
u(z) - T(z } = T,i in oz + B ( “ref | (2-26)
ref § 7 T s

in which 8 and &, are empirical constants., There has not been

T
mich agreement in the values of these constants as reported by diftferent
authors. A detailed account of the vesults from the atmospheric data
his been given by Monin and Yagiom (1965}, It 1s noted that only in a

very few cases have L , u, , and T, been determined from direct

measurement of fluxes. For stable conditions Davlor (1960 and
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Takeuchi (1961) report values of B ranging from 2 to 10,
McVehil's (1964) results indicate a value of 7 . An earlier set of
measurements by Plate and Lin {1966) in the Armmy Wind lunnel at Colorado
State University also favor a value of 7 .

Other important results of the similarity theory as applied to

the turbulent flow are, among others:

R, = "1 ({.) (2-27)
R, = P (F 2-28
e = F, (D) (2-28)
K
H z .
K;" = F, () (2-29)
¥ w? £, (¢ (2
u* - 1 ('I':) t -30)
Wil
¢
u, 2 (2-31)
-7
\ z A
- fo (P - (2-32)

Functions Fl , F2 , etc., must be universal. Not many laboratory
experiments have been reported to check these results., Ellison's (1962a)
measurements in grid heuted air show only little effe:t of the heat flux
on the ratios of the velocity fluctuation components and on the shear
stress correlation coefficient, cut strong effect on the heat flux cor-
relation ceefficient. FProm the atmospheric boundary laver, measurcaents

supporting the theory have been reported by Morin (1901}, and by Monn

and Yayxlom (19651, Mere recent results of by 11965) ) Mordukhovich

- ..

s ot 3.
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and Tsvang (1966), and Cramer (1967), who used measured fluxes, generally

support the similarity theory. The experimental scatter, however, are
too large to yield any well-defined universal functions, In some cases,
height dependency is also noticeanle. It needs to be shown that the ‘:
stability parameter %‘ also correlates turbulence data from laboratory
flows, This is of utmost importance from the point of view of atmo-
spheric modeling, the requirements for which have been discussed by
Cermak, et al, (19606).

It wili be shown in Chapter IV that the present measurements of
turbulence in a stably stratified boundary layer are in good agreement

with the Monin-Ohukhov similarity theory. The results wiil be compared

with those obtained from the near ground laver of the atmosphere.

2.3.2 Other Theoretical Models:

Similaritv theories are based on dimensional cconsiderations, and
as such can.ot predict the exact form of the universal functions. These
functions have to be determined empirically from observed data, or theo-
retically from consideration of dynamical equations. The latter approach
has been followed in somewhat different ways hy Ellison (1957), Townsend
{1958) and Monin {{963). Diffusion terms have been neglected in all
these models,

tilison constdered the flow over an iafinite rough plane., It is
assumed that the shear stress and the neat flux in the laver considered
remain constant with the height = 0 dle considers the dvnamical
Fas, (2-9), (J-1h and 12-13) without the divtus:on terms, and introduces

—~ L
Jecay e by Y‘. rid i‘,\ for 7, @' and w'tt | osuch taat an the
absence of production terms these quantities would begin to be de-

!

stroved at orates LUty Ingt v, ! and 1L are Jdethined as
) . X

i
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2

.tﬂ; s WO g_: = 0 (2-33)

arl U

3= ¢+ UW o - R WE =0 (2-34)
2

wit’ I g .2 _

T—s—-—— + wt H’ T t! = 0 (2'35)

From Eqs. (2-33) through (2-35) , the following expressions for

the ratio KH/KM and the heat transfer correlation coefficients Yyre!

are obtained.

— - T1 ,2 )7
K Q'" W' | 1-Rg (1 I J
H ) 1=
— e — (2-36)
K ;
M T
2u 4 2 2‘
* ']l - R |
Ts‘ \ ¢
1 -R (1 g )
—_— LY * oy —
D (‘vfr!) T: wlz
Ygrgr T DI T (2-37)
w't — —
RS T1
Wt > = (1 - R
T3 f
Further, assuning that 'Tl , . and 'l'3 remain in voughly fixed
N : T
ratios even as these vary with stabtlity, and that =~ - 1 and
R R
G oWt 5.5,  tllison obtains from Eq. (2-36) a value of
Rf 015 0 1t has been suggested that R might be even smaller
cr — - er
as the vatio ' w'7 may increase near critical conditions,  Rut,

ot course, !l T, omay alse vary with stabirlity which can onlv be deter-

mined trom cxperiments. Mother assumption regardony the value of
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TI/TZ in Eq, (2-37) leads to the prediction of Yorpr = 0.3, in
the near-neutral conditions., Based on the assertion that T2 is deter-
mined by typical length and velocity scales of the turtulence, and tak-
S . - o

ing (q'") “for the velocity scale, Ellison defines a length scale

)

Ly = T2 (q It is predicted that L, will be proportional to :z

M
in unstabie znd neutral conditions and proportional to L in very stable

o . L 2.5, oT . .
conditions. Aaother length defined as = (t'7)<¢/ 37 will give

LH
some idea of the vertical distance traveled by fluid particles before
either returning towards their equilibrium level, or mixing.

Experimental verification of Ellison's results and the assumptions
in the model has not been made, so far, under proper conditions of the
model. Webster (1964) discussed the theory in the light of his measure-
merts in a stably stratified flow taken at the centerline of the wind
tunnel, After passing the air through heating and shear grids, almost
linear velocity and tempsrature profiles were obtained in tlic neighbor-
hood of the centerline. It appears that Webster's flow regime is hardly
the same as visualized in Ellison's model which assumes a constant flux
layer near a restraining bcundary, Requirements of the model flow have
been more nearly realized in the present experiments, Complete verifica-

2 —5 — -y
tion of the theory requires measurement of u'"™ , v'" | w'™ o7
u'w' and w't' in the constant {lux laver, in addition to the mean
velocity and temperacure profiles, This has been accomplished, and the
results will be Jdiscussed in Chapter IV,

Townsend {1958) nas considered the turbulent flow in a stably
stratified tlurd tar from the restraining boundaries, In contrast to

Ellison's (1957) flow regime, Townsend assumes his fiow to be homo-

peneous 1n the direction ot shear and nhomovencous in the Jdyrection
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ot flow. The equations of energy and mean square temperature
fluctuations are considered, and dissipation terms in them are expressed
in terms of two length scales, After introducing some simplifying as-
sumptions, Townsend predicts a value of Rfcr = %- . Furthermore, it
is concluded that the turbulent intensity will be finite in the critical
flow, and that a sudden collapse of turbulent motion will occur as the
limit is crossed.

In another theoretical m del, Monin (1965a) assumed a flow
regime similar to that of Ellison, considering at the same time the com-
plete set of dynamical Eqs. (2-5) through (2-11) ., A semi-empirical hy-
pothesis is used to express the pressure fluctuation terms in terms of

Reynolds stress, e.g.,

au why o (2-38)
37 + X ) B u'w!

etc,, in which Bl is a positive coefficient, Monin obtains the fol-

lowing equations from the solution of Eqs. (2-5) through (2-8).

ST A S o
B A B SLENE RS I il (2-39)
\ u, u, i u, \ 1

It is pointed out by Monin that wu't' is probably too smail, so that
the right-hand side in kq. (2-349) may be approximated by two. Ilowever,
simultaneous measurements of u't' and w't' in the atmosphere, by

Zubkoviiki and Tsvang {1966}, and by Zubkovski and Kravchenko (1967),

L ey L ; e ST ut
indicate that u't! 1s, 1n fact, several times -w't'., The ratio-~

wit!
shows o tendencvy to ncrease as stabilioy increases, It will be shown

[LETT R T R AT T R

e R
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during discussion of the results that the present measurements also
confirm the above mentioned results from observations, Therefore, it
appears that Monin's assumption that u't' is negligible is not jus-
tified at least for stable conditions.

Monin's use of another hypothesis that ¢, ¢ , etc., are com-
YP t‘

pletely determined by ;TT s ;TT, and the turbulence scale 1, leads

him to obtain an interesting relation

KH _ 2 g u't'
q C YW't' 1 + T 5 2 . (2-40)
1Ys

in which C 1is a constant,

2.4 Turbulence Spectra In a Stratified Fluid:

In section 2.1 the spatial budget of energy in a stratified shear
flow was discussed. More significant information on the turbulence
structure is obtained from consideration of the spectral energy budget
which describes the disfribution of energy among eddies of various sizes,
While much of the work done in this Jirection for unstratified fluids
(sce e.g., Batchelor {1953a) and Townsend (1956)) is relevant also for
stratified fluids, added effects of buovancy must be considered in the

latter cuase.

2401 spectral bquations:
Bodwrano (19e2) tirst presented a theorcvical model for the
spectrum of energy tnoa plane homogencous flow of stably stratitied
flurd.  In his work, tie ettect of anisotropy arisinyg trom the eftect of

buovaney anoenerey removal from vertical velocrty fluctuations is

PRy o= AR A
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considered, and spectral equations of mechanical and thermal energy are
derived. A more detailed derivation of the spectral energy equations
has been given by Lumley (1964b) who brings out the complicated nature
of spectral transfer terms.

Following Philli.s (1965), the energy equations in the wave num-

ber space for two dimensional, steady, plane homogeneous flow can be

written as

Q) | CAUCE 4 2 .
A= s (k) 5 - s e (0 ¢ BHO - 2v KT EK) (2-41)

Q. (k)

I i T 3 2 o en
= -HO) 5 - 5 et (K) - 20k’ e (k) (2-42)

in which E(k) is the three dimensional energy spectrum and ¢T(k) the
corresponding temperature fluctuations spectrum. In Eqs. (2-41) and
(2-42) the term on the left-hand side is due to diffusion in the phys-
ical space. On the right-hand side, the first term is the production
term: S(k) and H(k) being respectively the co-spectrum of -u'w' and
w't'; the secrmd term represents spectral transfer of energy; and the
last term is viscous dissipation. The appearance of an addi‘tional term

H(k) in kq. {2-41), is due to the effect of buoyancy.

2.4.2 Form of Egg}]ibripmmﬁpcctrum:

Tne so-called equilibrium range of the spectrum is char-
acterized by eddics of sizes much smaller than the scale of energy
containing eddies. According to holmogorov's (1941) theery, the

structiure of such cddies remains largely unaffected by the large scale

= e

iy, AT s

S

P R

:
k!
7
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motion. This leads to a universal form of the spectrum in the

equilibrium range. Then Eqs. (2-41) and (2-42) are reduced to

k) + B - 2 K2 E(K) = 0 (2-43)
SHO) -3 et (0 - 20k er(k) = 0 (2-44)

The terms containing H(k)have been retained in the above equations
to include any possible buoyancy subrange in which H(k) is not negligi-
ble, but S(k) is negligible.

Some progress toward solving Eqs. (2-43) and (2-44) can be made
only after assuming some hypothetical rel.*ions for spectral functions
e'(k) and e'T (k). Even then it has often been found necessary to
further approximate these equations for certain, i.ther vaguely defined,
sub-ranges, and thus, determwine the shape ot the spectrum in a piece-
wise tashion. This requires the usual assumption of very large

Reynolds number.

A. Inertial and Convective Subranges:

Most important of the above-mentioned spectral subranges is the
so-called tnertial subrange 1o which the energy 1s presumably fpans-
teveed from tow to adjocent high wave numbers without any loss or gain,
the corresponding s drrange 10 the spectram of temperature fluctuations
1y catled Mcomvective subrange”.  Accordirg to kolmogorov's theory | a

threo-damensional cneryy specirum in the anertral subrange must hase

the torn
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and the corresponding one-dimensional spectrum of u' - component, the

form
) . 2/3 . -5/3
Fu, (kl) = ag k1 (2-46)
where A and a, = %g A, must be universal ccnstants. In Eq. (2-46),

kl is the one-dimensional wave number related to frequency as k1= g%f.
The results of the theory have been verified by measurements of Grant,
Stewart, and Molliet (1962) in a tidal channel; by Gibson (1962) in an
air jet; by Kistler and Vrebalovitch (1961) in grid turbulence; and by
Poid, Stewart and Burling (1963) and Zubkovski (1962) in the atmosphere.
The value of the constant a, Y~ neen found in the range of (.50 #
0.05. In fact, a -5/3 behavior has been observed also in a variety of
other measurements in the laboratory and in nature. The universality

of the constant a

reported on the measurements by Margolis and Lumley (1965) in a curved

however, has been questioned by Lumley (1965b) who

turbulent mixing layer to show that a, could deviate significantly
from its supposedly universal value of about 0.5 depending upen the
ratio of production to dissipation. It has also been suggested by him
that similar deviations could occur under conditions of strong stability
and instability. 1In a later article by Wyngaard, Tennekes, Lumley, and
Margolis (1968), however, it has been pointed out that some serious
errors had occurred in measurements of Margolis and Lumley (1965), and
therefore, tumley's remarks questioning the universality of the constant

;31 were ricorredt.

The present results of one-dimensianal spectra of v oand w!
will be presented an chapter IV These Wil be d cosed an the dight
of holmogorov's similarity theory,

¢ L s O o AT tom s T ek




forrsin (1951) has extended Kolmogorov's ideas of iocal isotropy
to determine the form of the temperature fiuctuations spectrum in the
region where convective and inertial subranges overlap. It is given by

AR S (2-47)

p () = Ap ey,
in which AT is a universal constant. A value of 0.35 for the constant
for the corresponding one-dimensional spectrum ®t' (kl)’ has been
given by Gibson and Schwarz (1903).

Inertial and convective subranges will coincide only when the
Prandtl number is unitv  For very small and very large Prandtl numbers,
the form of the temperature spectrum in the non-overlapping range has
beer determined by Batchelor (1959), and Batchelor, Howells, and

Townscnd (1959).

B. Viscous Subrange:

For wave .aumbers larger than those characterized by inertial or

convective subranges, fqs. (2-43) and (2-44) reduce to

N

S k) - 2K k) =0 (2-48)
. Al

- S LU | S I 2-19
) ‘(k) 1 | { (2-49)

The solutions of bgs. 0 48 and (2-491 essental ly depend on

the additronal hypotheses that mast be mude for still anknown spectaal

flux functions -tk oand ' ki Ulassy b o ampies

1 are those of

Obukhov {194, Hessenberg (1018 and hovisonay 1988y
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Hieisenberp's eddy viscosity approximation leads to a behavior for
the spectrum in the large wave number region. Chandrasekhar (1949) has
generalized lleisenberg's treatment to obtain a form of the spectrum in
the transitional range. Kovasznay's (1948) hypotheses leads to a form
of the spectrum with a finite cutoff wave number. A simple modification
of his model by Pao (1965) leads to a spectrum with exponeritial trail.
Models proposed by Ellison (1962b) and Kraichnan and Spiegel (1962) also
have expcnential high frequency ends. For the spectrum, of temperature
fluctuations Corrsin's (195.; extension of Heisenberg's theory also
leads to k_7 bchavior. The fo?m of the spectrun in the vicinity of
Kolmogorov wave number ks = ‘%T , does not seem to be very sen-
sitive to the assumed relation for the spectral flux, and most of the
proposed models represent the experimental data adequately. It will te
shown in Chapter IV that measured spectra of v', w', and t' show
k'7 behavior as predicted by Heisenberg's theory. For very large wave

numbers, however, validity of various models is doubttful.

C. Buoyancy Subrange:

A buoyancy subrange might precede Ui inertial subrange of the
spectrum in stratitied flulds under certain spe-ial circumstances.
For stable conditions two theories, cie by Bolglano (1959, 1962) and
the other duc to bamley (Poda, 1965a), have been proposed.  These two

theortes are based on ditferent phystoal premises ane iead to ditfterent

. - N S R A
predoctions about the spectral torms, e fermer predicts a &
- . .
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turbulence or under strong inversions driven by flux divergence. In
steady shear flows as in the present casec, no buoyancy subrange is

expected. Measurements in the atmospheric surface layer, as well as

those of the present study to be presented in Chapter IV, confirm this

conclusion,

2.4.3. Turbulence Spectra from the
Similarity Theory of donin and Obukhov:

Most of the atmospheric data given by Russian workers,
(e.g., Gurvich (1960), Tsvang (1960), Zhubkovski (1962), etc.,) on the
turbulent spectra under stratified conditions have been presented in the
light of the Monin-Obukhov (1954) similarity theory. Accordingly, the
dimensionless spectra of various turbulent quantities must be some uni-

-

- . . . fz s
versal function of dimensionless frequency T and stability parameter

—% . This theory should be valid for the part of the spectrum outside
of the dissipation range as against Kolmogorov's theory which should be
valid for the dissipation range but not for the energy containing range.
The form of the spectrum in the inertial subrange is the same for both.
Cramer (1967) reports that results of similarity normulization for u',

v', and w' spectra (n the atmosphere are quite successful for un-

stable stratification, but unsatisfactory for stable stratification,

2.5 The Need ot Laboratory Stuares:

The foregoing discussion has summarized the exaisting theoretical
and saimilarity models tor desoribing the turtbulence on thermally <tpaty
fred tlows.  These modeds have Peendeveloped primari iy for the surpose
of studving the neaa ground Tayer of the at=osphere o whitch the

issunplens ot plaae Bosaverertyoob tlow and constant fluses appear to
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bhe fairly well realized if the terrazin is flat and uniformly rough.
Rtill, a great numb r of variables met under natural conditions make
it almost impossible to check the fioner points of the theory, and to
provide some missing links, viz., tie value of empirical constants or
the precise fowm of the universal functions, etc. From this point of
view alone, it is necessary to study model flows in the laboratory,.
The ultimate aim, of course, would be modeling of various atmospheric
phenoniena once the pretiminary bases for similarity between atmospheric
and model flows have been estabiisted. The meteorological wind tunnel
at Colorado Stare University was designed and buil: for this purpose
in 1962 (see¢ Plate and Cermak {1963)) and continnus efforts have been
made in this direction since then (sev Cermak, et al., (1966)}.

Plate and Lin (1966) hrve shown that velocity distributions in
the wind tunnei are in good agreement with the Monin-Obukhov similarity
theory; the value of the empirical constant 8 1s found to be the
same as determinad fror measurements in the atmospheric surface iayer.
This surprising success in establishing a modeling basis for the mean
velocity by using L as length scale led further to a program (see
Arya and Platc (1967)) of study of the turbulence structure in the
stratified boundary tayer. The present study was conducted broadly in
keeping with thrs program. It will be shown an the discussion of the
results that the Momin-obukhoev simicarity theory does in fact provide
a geod basis tor modeling of turbujent intensities and other turbulent

Charadteristios . Other theories wtd !l aiso be Jdiscussed n the light

-

of medavarencnts oooie i the congrse e nt o study

(R e
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Chapter II1I

EXPERIMENTAL EQUIPMENT AND MEASUREMENT PROCEDURE

This chapter gi ¢s a brief description of the equipment used in
the present study, and the procedure and techniques for each set of E:
measurements. Emphasis is given to turbulence wcasurements. Sources
and nature of experimental errors are discussed, and corrections
mentioned, where applied. All experimental work was done in the Fluid

Dynamics and Diffusion Laboratory of Colorado State University.

3.1 Wind Tunnel:

Experiments were performed in the thick boundary layer of the
U.S. Army Meteorcological Wind Tunnel (Fig. 1) at Colorado State Univer-
sity. This facility has been described in detail by Plate and Cermak
(1963). The boundary luyer was developed along the floor of the 80 rt
long test section with a 6 x 6 tt cross section. At a distance of
40 ft from the test section entrance, the test section floor changes
trom piywood to a 40 ft long aluminum plate which caa be heuted or
cooled from be'ow to any temperature between Ju and 350% . An air
conditioning system allows for the ambient air temperature to be main-
tained between 10 and loUoY. bor aie present study, the temperature
of the plate was held at about W0l and that of the dir outside the
Bormdary laver at i:””l. Boundary lavers with free s coam velocitios
of approvemately 300 S0 and 10 rps were stuodied THese vover aorange

ot stabrlities from noarly negtral to o moderately stable,
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The adjustable ceiling of the wind tunnel was set to obtain zero
pressure gradient.  The houndary layer was artiiicially tripped by a
saw tootii fence which was preceded by a ¢ ft section of 1/2 in. gravel
roughness placed acound the perimeter. This was done in order to ensure
a well developed boundary layer at the .reasurcment station located 78 ft
from the entrance of the test section and 2 {t before the end of the
cooled plate. At this station, pitot-static tube, thermocouple and
hot-wire probes (Fig [Z) were mourted on a vertically movable carriage,

allowin, then to be sev ut om neight above rhe floor by remote control.

5 2 Mean Velocity Measurements:

A 1/8 in, diameter staundard pitot-static tube was used as a probe
for mea- velocity measurements. 1: was connected by flexible tubing to
a Trans-sonic Type 1207 Equibar pressurc meter {(Fig. 3). This irsutru-
ment was calibrated against a standard Meriam dodel 34 FB 2 ™™ micro-
munometer. No detectable difference was observed between the two within
the range the present reasurementis.

Gocause or 1ts - owmsitivity to dynamic nressuve changes due to
turbulence, it is very difficuit to read the Trans-sonics meter aocu-
rately. For better accuracy, the mean position of the pointer was
detemnined, tor some runs, by integrating the eiectrical sign<! outpat
from the meter, over o periad of four misntes, with the help of o
spectalty designed integrator cireurt, The circuit was first colibrated
by putting the prebe an the turbulent free stpeae

Sutiers Gr Criurs an prtoet-statia tube measurement s haye been

drscussod bByocoldsUon (pudsa osae Mitian 19 o and sandboern (1966

i

Pxcept vory close to the sloor ) mest of these erross are noginobie,
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Correction for the turbulence cffects on the pitot-static tube measure-
ments was found, following Goldstein, about -2% at 1/8 in. from the

wall and much less farther away. Hinze (1959) has questioned Goldstein's
method which assumes lateral-velocity fluctuations affecting the pitot-
tube reading the same way as longitudinal fluctuations, and has sug-
gested that the effect of the former is appreciably less and may be

even of opposite nature.

3.3 Mean Temperature Measurements:

The temperature at any point in the thermai boundary layer was
measured with a copper constantan thermocouple with its reference
junction in the ice-bath. The thermocouple e.m.f. was read out on a
sensitive millivoltmeter. The temperature of the plate was determined
by a set of thermocouples embedded in the plate.

Errors in the temperature measurements were also considered.
Those due to thermal lag of the thermocouple were automatically elimi-
nated by taking point by point measurements and allowing sufficient
time for the junction to attain a steady temperature. Following the
method given by Kreith (12465), errers due to thema' radiation from
the juncsion to the wall in the prescence of forced convection were
estimated and found to be about 0.5"F and nearly constant throuagh the
boundary layer. No correction was applicd for thermal radiation, since

1t would not aftect the relative temperatures in the bourd:ry laver.
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3.4 Measurement of Turbulence:

3.4.1 Hot-Wire Anemometers and Related Instrumentation:

Four types of hot-wire probes were used in the present

experiments. These were: a thin wire operated as resistance ther-

2 .
mometer to measure t'" , a normal wire to measure wu't', and n'

a yawed wire to measure u'w' and w't' , and an x-wire for measuring

2 2
v! and w'".

The resistance thermometer consisted of 0.,000025 in. diameter,
0.1 in. long wire, made of 90% platinum and 10% rhodium, with an elec-
trical resistance of esbout 1000 ohwis. It was used with a Wheatstone
bridgr (Fig.4) specially designed tvo pass a small current of 0.1 m.a.
or less through the wire. The high resistance of the wire and the
small current insured that the wire operated essentially cold and was
sensitive only to temperature fluctuations. No detectable sensitivity
to velocity fluctuations could be found. A detailed description of this
arrangement has been reported by Chao and Sandborn (1964).

Other hot-wire sensors used in the experiment consisted of
0.0003 in. diameter, 0.05 in. long, 80% platinum and 20% rhodium wires,
mour*e i on %E in. diameter ceramic probes. A two channel constant
temperiaturc transistorized ancmemeter (Fig. 7) designed at Colorado
State University by Finn and Sandborn (1967) was used. The freyuency

response ot ' s anst 0t is tlat up to 50,000 ¢ps or greaterx.

For measuring rms salues of the tluctuating electric signals,

a Bruel and Ricar true ros-oaltmetes (Fig, 30 was used.  The frequenc
response of the valimeter 1s .t within 2-260,000 cps. The 1nstea-
ment van also be ousod oas o calibrated amphifier woth a maximum gan of

oo Jo .
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Because of the low level output of the resistance thermometer
wire, it was necessary to amplify the signal before realing on the rms
meter. For this purpose, a Tektronics Type 122 low-level Preamplifier
was used. No amplification was needed for the hot-wire anemometer

signal except when recording it on magnetic tape.

3.4.2 Measurement Techniques:

In a thermally stratified flow, fluctuations of temperature
are encounteved in addition to the fluctuations of velocity. Since the
hot-wire responds to both types of fluctuations at the same time,
measurement techniques are morc involved than with velocity fluctuations
aione. Methods of measuring turbulence in the nresence of temperature
fluctuations have been pointed out by Corrsin (1949), Kovasznay (1953)
and Morkovin (1956).

In the present study, the techniques developed earlier by Corrsin
(1949) and Kovasznay (1953) were slightly modified to achieve better
accuracy. In particular, an elaborate direct calibration proccdure, to
be described later, was adopted for determining wire sepsitivities to
velocity and temperature changes, instead of depending on theoretical
relations which cannot properly take into account all the experimental
conditions. A morc detailed description of the measurement technique
has been given by Arya and Plate (1968).

Following the derivations given by {orrsin (19339} or Sandborn
(1967, one can write the following equation for che aesponie of a wire
held in the x-2 plane at an angle » to the direction of mean Flow
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in which e' represents the fluctuation in the wire output, and

3E 3 - . C s .

= oE and 3 are respectively the sensitivities of the wire to

U’ 29 3T

velocity, yaw angle, and the difference in the temperatures of the wire
and the air. In the following discussion different wire configurations

are coasidered for the turbulent quantites that can be measured.

A. Nommal Wire:

For a normal wire ( 8 = 90° ), %% = 0, it follows from Eq. (3-1)
that
OE 3E
t = - ] i )
AR
or
v - R ' _-
e Su u bt t (3-2)

in which s.mbols Su and St have been introduced for convenience.

After squaring Egq. (3-2) and taking time averages one obtains

2 2 . 2
Y =u'" X7 - Ju't" X o+« t! (3-3)
in which
s ]
x = U
and Tt l
— ?
e'’” :
v © | (3-4)
§" 1
t

Pauation (357 15 o parabola representing o functional relation-

ship between e voltage output of the wio o oand the wire sensitivity

RS SN R

R e, 8
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parameter X. In principle, the three unknowns u’ u't' and t'

can be determined from Ey. (3-3) if three pairs of X and Y are
measured. In view of probable experimental errors involved, however,
a more than minimum data procedure suggested by Kovasznay (1953) was

—— e — 1

preferred. Following this procedure u'z, u't' and t'z were determined

by the least-squarc method, from & +to 8 pairs of measured X and

. . . 2
Y. Although fairly consistent results were obtained for u'

, the same

was not true for wu't' and t'zl which showed considerable scatter with
often highly unlikely values in the low turbulence region. The same
type of difficulties were earlier reported by Johnson (1955). This led
to a closer examination of the whole procedur:.

the fact that it :s very difficult to make reliable measurements
at low overheat ratios, which would be necessary to obtain small X
values, offers an explanation for the observed anomaly. For X > o,
the shape of the parabola of Eq. (3-3) is most sensitive to the
coefficient of Xz, less sensitive to the coetficient of X, and least
sensitive to the additive constant ;Tj, especiully when the last two
coefficients are small, i.e., in the outer part of the thermal boundary

tayer. Unfortunately, large X values arc associated with smatl

velocities and hence a fow level of turbulence. Inversely, if one wante
B Y ) ]
to determine the unknown cocfticrents u', u't' and ', from

measurcd pairs ot v oond Y in the regron X N 0 the resluts would

L4

v

be fatrly reliable tor u'", less reliable tor u't', and icast reliable
) b

tor t'7.  In fact, ttoas conceivabice that even ne at,e values of t'7

could be obtarned begcase of small errors 1 oscsurements.  The method

described in the precoding, therotore ot s nat sustah e o Jdetermning
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- ™y
u't' and t'" in low speed and low turbulence level measurements.

As a proposed modification of this method, it was considered

2 .
necessary to make an independent measurement of t'" by another wire

operated as a resistance thermometer, and to use this information in

Eq. (3-3) for determining the remaining two wmnknowns :;7_ and u't'
from normal wire measurements. This was found to improve the accuracy
of results considerably. For this purpose, the two wires, one sensitive
only to tempervature fluctuations and the other sensitive to both tem-
perature and velocity fluctuations, were mounted parallel on a single

probe. The Eq. (3-3), then, can be written as

z=uw? X2 X (3-5)
in whica
*2 \
” e' 2
L = _.._,2 - t! R (3—6)
S, /
which can be solved for u'® and u't' by the ieast square method.

For consistent results, 4 to 6 independent measurements of X and
Y over a reasonably wide range of overheat ratios (1.1 to 1.5) was

foond sufficient. This method was used for all the measurements of

— . g

u'2 , u't' and t'" reported in Chapter IV,

B. Yawed Wire:

It will be shown in the following that wire vawed to the direction

of mean flow can, effectively, be used to measure turbuient shear stress

u'w' and heat fiox W't A viwed wire is sensitive to o' owr o oand

>

t a5 an bg. (3 h dhe catibration provedure then wouid require

[ESRE—,
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measurement of %% in addition to and T requirec of a normal

wire. This is indeed very complicated.

Some simplification can be obtained if the fact that %% depends

on is considered. If the so-called '"cosine law' were valid, the

E
3U

relation betwecn the two would simply be

! dE 3E _
U ac ¢ Ay coc 8 . (3-7)

This, of course, is based on the assumption that only that cowponent
of the velocity which is normal to the wire, contributes to the heat
transfer. That this is not exactly so has been shown by Sandborn
(1967), Webster (1962), and Champagne, et al., (1967). It is shown in
Appendix A that after allowing the parallel compsnent of the velocity
to play scme minor part in the heat transfer from the wire, Eq. {5-7)

is modified only by a constant factor as

(o9
ob)
Q)
m

1 _ 3E ,
U 38 - ° 3 cot o (3-8)

(=¥}

in which for a given o , ¢ 1s a constant close to unity. An esti-
mate for the present experiments gives a value of ¢ = (.92 for
B = + 4s°  (see Appendix A},

After substituting kq. (3-8) in Eq. (3-1', one obtains

e' - Su ((u' + ¢ W' cot &) - St t' (3-9)

=S (Ut oy oWt N {3-10)
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and, when = o- 150,
el =S (u'-cw ) -5 t' (3-11)
< u t

Squaring and timc-averaging Eqs. (3-10) and (3-11) and subtract-

ing the former from the latter, will result in the following equation:

,
Zl = . 4 ¢ uw' X"+ 4wt X (3-12)
in which
Yy ) A
ef - el
7,021
! S
“t
;
and (3-13)
S
X = §E
t /

Equation (3-12) is similar to Eq. (3-5) and can be solved to
determine u'w' and w't' by the least square method from, say, 6 to
10 measured pairs of X and Y. All calculations were done with a

IBM-6400 digital computer. The computer program for Eq. (3-5) or

{3-12) 1s given in Appendix B.

C. X - Wires:

The vertical and lateral comporents of the velecity fluctuation
are measured by operating two well-matoned wires mounted on a single
probe an the shape ¢t U as o0 conventional hot-wire anemometry.
Qccnminag that rhie fav e b eb
csnming that rhe Son e

AVUOUAO SAM svnsriavitles, 1t o tof lows

from qs. 5 v and oy i that
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=2c¢S w (3-14)
u

or

- e
2 d -
\/ WUt Tes (3-15)

in which €4 is the rms of the instantaneous difference of the sig-

i

nals from the two wircs.
Similarly, Vv 1s measured by operating the X-wires in the
x,y- plane., The method is simple, but it is necessary to insure that

the sensitivities of the two wires do nct differ by, say, more than 5%

3.4.3 (alibration Procedure:

The calibration procedure tor the hot-wire in the present

JE ] S
30 and 3T in the

range of velocities and temperatures which the wire encountered during

experiment: was designed to furnish values of

actual measurements. For this purpose, a set of calibration curves
was obtained by placing the wire in the turbulent free stream outside
the boundary layer and measuring E vs U for various wire tempera-
tures, keeping the sir at a constant temperature., From these curves,
Ak . . . .
iGwes determined by measuring slopes off tho E wvs U curves, or
by differentiating a mathematical curve based on King's law or a
simiiar power law relation, fitted through the calibration pownts,  The
latter approach has been found to be more convenient and to give better 1
and more vonsiatent rosults,

- | & : .

The sCisitivity S was similarly measured after replottaing the
cihibration data an the form of 1 wvs H"h - T ) for constant U values.

i

The results of o typacal calibration of 4 0.0003 inch drameter platinum-
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rhodiur wire are shown in Figs, 6, 7, and 8. The calibration procedure
was repeated for each new wire and also when the wire calibration was

found changed during roucine checks, which were performed every day.

3.4.4 Errors in Turbulence Measurements:

It is known that hot-wire measurements of turbulence are
subject to various types of errors. Those of randem nature occur in
the process of calibration, reading instruments, alignment of probes,
etc. Systematic errors are introduced due to finite wire length,
gradients of velocity and temperature, proximity of solid walls, high
intensity of turbuience, inadequate frequency response cof instruments,
and due to approximaticns involved in evaluation and calibration tech-
niques. Most of these errors become large only when measurements are
made very close to the floor, say, inside the viscous sublayer. The
present study pertains to the region outside this thin layer. Errors
due to gradients of velocity, temperature, and turtulent intensity are
important only in measurements with yawed and X-wires. X-wire
measurements are furthemore affected by the correlation error due to
finite separation distance between twe wires. For these reasons, yawed
wire and X-wire results are subjected to a4 greater uncertainty level
than thosc of nomal wires. [In the absence of any suitabie tochnique

availible tor

-

arrecting hot-wire measurements in combined temperature-

!

velocity flow fiedds, po corrections were applied in the present tur-

bulence medsurements,

ki s e -

a2 o




‘o

3
A
%
*
£
L

39

3.5 Measurement of Frequency Spectra:

Frequency spectra of lateral and vertical velocity fluctuations
and temperature fluctuations were measured at selected points in the
boundary layer. For this purpose fluctuating signals were recorded on
FM magnetic tape after proper amplification, and were later analyzed on
a Bruel and Kjear Type 2109 spectrum analyzer (Fig. 3). This instrument
consi'ts essentially of a set of passive filters in the range of 16 to
10,000 cps. The filters are of octave type varying in band width
approximately proportional to the central frequency.

The spectral measurements are subjected to error: due to finite
wire length, filter band width, and noise. Due to ficite length of the
wire, two or more eddies of small size may strike the wire simultuneously
with the result that the mcasured power would be larger than the true
power. For this crror to be small, wire length should be small compared
to the wave l:mgth of a particular wave number. The present measure-

LD SR .
ments do not cover wave numbers larger than 1100 ft = whigh is well
A

below the value of 1500 ii{ =~ corresponding to a wave length equal to

the wire length (0.05 inch). No corrections have been applied .o the

present spectral measurements,
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Chapter IV

RESULTS AND DISCUSSION

The r1esults of the measurements in a stably stratified boundary
layer are presented in this chapter. Some broad characteristics of
the momentum and thermal boundary layers in the Colorado State
University Army Meteorological Wind Tunnel which was used for this study
are discussed. The turbuleat intensities in the stratified boundary
layer are compared with .Mose obtained under neutral conditions.
Measurements of turbulent fluxes and correlation cocefficients in the
lower half of the boundary layer are presented, and the effect of
stability on these quantities is discussed. Probable errors in the
measurements are also mentioned.

Emphasis is given to the so-called wall region of the boundary
layer. The results of the mean velocity and temperature profiles,

*

turbulent intensities and fluxes, and other parameters such as i;;’
R;’ Rf, etc., are presente& as functions of the stability parameter
%;. These are coxpared with the Monin-Obukhov similarity theory and
also with other measurements in the laboratory as well as in the
atmnspheric surface layer. The nature of various universal functions
is brought out. The theoretical model by Ellison (1957) is also dis-
cussed in the light of present measurements. Finally, measured one-
dimensioral spectra of v', w', and t' are repyrted; these are
discussed in the light of Kolmogorov's similarity theory,

Various parameters of the boundary layer have been summarized

in Table I.
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4.1 Broad Characteritsics of the Boundary Layer:

A striking featurs of the boundary layer which develops in the
Army Meteorological Wind Tunnel is its large thickness (more than 24
in. at the measuring station). This makes it specialiy suitable for
obtaining large Richardson numbers, both negative and positive, and
hence for studying the effect of thermal (density) stratification on
the turbulence structure.

In most theoretical studies, the assumption of plane homogeneity
of the flow is macde. In the true sense such a condition cannot be
achieved in a flat plate boundary layer which, because of the shearing
stress at the wall, must be increasing with distance. But at a
sufficiently large distance from the leading edge, velocity and tem-
perature profiles and also turbulent intensities no longer change
noticeably with distance. Thus, for all practical purposes, plane
homogeneity can be assumed to exist at long distances. For this reason,
the present mecasurements were made at a station where the momentum
boundary layer has developed for 78 ft, a .d the thermal boundary layer
for 38 ft length as shown in Fig. 9. The velocity and temperature
profiles at this station are compared in Figs. (10) and (11) with those
at a station 8 ft further upstream to show that the difference is :ndeed
very small and that plane homogeneity can be assumed to have been
realized in the lower 6 in. of the boundary layer.

Two dimensionality of the flow near the center-line of the wind
tunnel was checked by taking horizontal traverses across the wind
tunnel at several heights. Deviations from the center-line velocity of
not more than 1% were observed within & in. on both sides of the center-

line. There arc, however, indications of large corner effects and

S ke R
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secondary circulation at low wind speeds. Therefore, ambien® velocitie;
smaller than 10 fps were not used even though such velocities would have
been desirable for obtaini.g a still larger range of stabilities than

covered by the present experiments.

4.1.1 Distribution of Ri:hardson Numbers:

A quantitative measure of the thermal stability is the
Richardson number. As defines in Eq. (2-17), it is a local parameter.
For a given temperature difference between the wall and the ambient air,
a desired range of R; can be obtaine« by a proper choice of ambient
air selocities. In the present “tudy velocities of approximately 30,
20, and 10 fps were used to cover a range of stabilities from near
neutral to moderately stable. The distribution of the Ri in the
boundary layer for these three cases is shown in E&g. 12. A similar
plot on a linear scale showed that for small z, Ri varies linearly
with z just as has been observed by Plate and Lin (1966), and from
measurements in’ the atmosphere as reported by Lumley and Panofsky
(1964). Batchelor (1953b) showed that if suitably defined, the
Richardson number can be a reference parameter for the whole flow
field and not merely a local quantity. Following Ellison and Turner
(1960), one can define an overall Richardson number for a layer of say

o < 2 < h as

SR =

in which Ta is the average absolute temperature in the layer. Thus,

for the whole boundary layer,




can be used as s rcference parameter. Values of Ri for three cases
s
represented i Fig. 12 are indicated in the same figure for comparison

with the local Ri values. Ri or Ri can be a useful parameter
h 8
in the outer region of the boundary layer where flow characterstics do

not depend only on a local parameter such as R.l

4.1.2 Mean Velocity and Temperature Profiles:

Tne mean velocity and temperature profiles in the bound-

ary layer for three ambient velocities are shown in Figs. (13) and (14).
In an earlier study using the same wind tunnel, Tillman (1967) observed
that in the neutral case velocity profiles for different ambient
velocities (20 to 40 fps in his case) become similar when vlotted as

o Vs ;}. However, this type of similarity is not achieved by the
leocity profiles in stable conditions as shown in Fig. 13. Especially
the temperature profiles show some peculiar behavior near the edge of

the thermal layer. Here, th2 temperature gradient instead of decreasing

monotonically to approach zero, shows some sudden increase before finally

leveling off. This is perhaps due to imcompliete mixing of the air in
the core region of the wind tunnel, when a residual stratification may
exist even after recirculation. For this reason, thickness of the
thermal layer 6T could not be determined precisely. It was determined
approximately after correcting for the observed defect in the tempera-

ture profile near the od ¢ of the themmal layer. ‘tor this, the normal

L e g L VW M TR eeae e
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boundary layer type of tcmperature profile which was observed over most
of the thermal layer was sligh%ly modified in the outermost region so

that the temperature gradient decreased to zero monotonically. In this
way, a value of GT * 0.65 6§ was obtained which may be in error up to
10%. Mean velocity and temperature data from the wind tunnel together

with other flow parameters for different runs are tabulated in Table II.

4.2 Turbulence Characterstics of the 3oundary Layer:

4.2.1 Turbulent Intensities

The r.z.s. velocity and temperature fluctuations were
measured following the procedure described in Chapter III. These data
are given in Table III. The distribution in the boundary layer of
these fluctuations normaiized with respect to U and (T_ - T\) are
shown in Figs. 15, 16, and 17. Also represented in the same -igures
are for comparison, some results of measurements obtained vander neutral
conditions which were made with the same probes and instrumentation set
up. The following discussion is made without any particular reference
to the wall layer and various theories proposed for that region. The
structure of the wall layer will be taken up separately,

Even in the absence of density stratification, turbulent inten-
sities are known to vary not only with the height z from the wall, but
also with the characteristic Reynolds number Re6 = '—2;— , of the
boundary layer. The latter effect, though ircignificant when Re6 is
large, becomes important for small Reé. Under conditions of stable

stratificaticn, it is seen from Figs. 15, 16, and 17 that, as U_ is

decreased, the effect of both increased and decreased Rc , as
16 6
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a consequence, is to reduce the turbulent intensities. The effect of
stability alone can be seen when turbulent intensitvies for the stable
and neutral cases are compared for the same Re6 in two cases. It

can be seen that for U_ = 30 fps there is hardly any change, but it
becomes more and more significant as the velocity is reduced to 20 fps
and then to 10 fps. Both lateral and vertical componerts seem to be
equally affected, in spite of the fact that the bouyancy acts directly
only on the vertical fluctuations. The reason for this has been given
in section 2.2. The change in ;TE/Ucp with z/8 is more significgnt
than the change ir V/:Ti;um and M/:Ti7uw which for R16 = 0.025
and 0.108 are seen to be almost constant in the region 0.05 < z/§ < 0.5.
The temperature flucuations, in contrast, decrease rapidly with z/6

and do not vary significantly with R, . Perhaps, the explanation for
this lack of variation with stability is that the temperature fluctu-
ations are largely dependent on the temperature gradients, which are not
significantly dirferent in the three cases, where the difference in
temperature of the plate and the ambient air is almost the same.

The longitudinal fluctuation intensities as normalized with the
local velocities are shown in Fig. 18. A sharp increase in ;TI/U
towards the wall is noticed for all three stability cases and at a
given distance it is seen to decrease as Rics increases. The dis! ri-
bution of the turbulent energy in the boundary layer is shown in Fig.

19, which clearly demcnstrates the effect of stabiiity on the turbulent

energy.
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4.2.2 Probable Errors in the Turbulent Intensity Measurements:

The most accurate measurements are those of \/:ﬁ??
using a resistance thermometer. In this case the wire is sensitive
only to temperature fluctuations and the measurement and calibration
procedures are simple. An accuracy of better than 5% is expected in
the results of \/2:31

A proper analysis of the probavle errors in the measurements
of V/;?i- has not been possible. Close agreement between the values
of ;Ti as determined from the solution of Eq. (3-3), using only
the nommal wire data, and from the solution of Eq. (3-5) using both
normal wire and resistance thermometer data (see Arya and Plate (1968)),
indicates that errors involved may not be greater than 10%. Similar

[—3 [~ .
accuracy could be expected for v'" and W:I measurements for

which the conventional x-wire technique was used.

4.2.3 Turbulent Fluxes and the Correlation Ccefficients:

The turbulsnt fluxes viz. u'w', w't' and u't!, were
measured in the lower half region of the boundary layer according to
the procedure detailed in Chapter III. They are tabulated in Table IV,
and in normalized form are alsc represented in Figs., 20, 21 and 24,

The results of Figs. 20 and 21 were used to determine the wall shear

— H
stress and wall heat flux parameters viz., u, = N/;o/p ,and —- |

pc
Wall shear stress 1, ond wall heat flux “o , were obtaired after plot-
ting T = - p u'w' + U and Hx-pc Wit ek O against 2
3z’ p dz °’

near the wall as in Figs. 22 and 23, and extrapolating from these plots
the values for the wall. A layer near the wall could be identified in

each casc for which the total flux remained cssentially constant and
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which was taken to be the value of the wall fiux. "he th.ckness of this
layer is found to vary from about 0.5 ir to 2 in. with a terdency to
increase with stability. Both u'w' czud w't' are seen to be affected
considerably by the stability. ¢urt of t.e -hange, of course, night be
due to change in R .
°s
The heat flux in the direction of flow is representeu 1 Fig, 24,

It seems to be continuously increasing as the wall is approached where

the magnitude is several times that of vertical flux as shown in Fig.

25. The quantity u't' drops sharply with distance from the wall and

it approaches a zero value towards the edge of the thermal boundary

layer. The effect of stability on wu't' is much less than that on

w't' . Measurements of Webster (1964) in the wind tunnel and those of

Zubkovski and Tsvang (1966) and Zubkovski and Kravchenko (1967) in the

atmosphere also show that u't' is several times -w't' under stable
Iy
conditions and that the ratio -%;%;-, increases with an increase in the

stability. A physical explanation of this has not been given. But,

comparison of the production terms in fqs. (2-10) and (2-11) indicates

that 1't' 1is produced froa che work done Ly the mean flow against

bew: -u'w! and -w't' | vhile w't' is produced oaiv from the work
P b

)

done against w The sign of the productioe terms {or u't’ and

R

w'i' also explains why the two fluxes should be of coposite signs.

The correlation cocfficients

S e b TR
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[
and Yirgr = T
u't! (;TZ ;T?

1/2 , as calculated

)

from the fiux and intensity measurements aig si.own in Figs. 26, 27. and

28. In general and show a tendency to decrease with

“Yyrt!

the increase in the stability. Their variation with z/§ also becomes

'Yuswv

more conspicuous as the flow becomes more stable.

Some phenomenoiogical theories use eddy diffusivities KH and
KM as defined in Eqs. (2-15) and (2-16). It has often been ferund
necessary to make an assumption for the magnitude of the ratio ;%:
and its variability with height and stability. Eddy viscosity in the

normalized form, TE and the ratio E;; are presented in Figs. 29
w 1
and 30. In Fig. 29, near neutral case of U_ = 30 fps (Re = 3.02
6
X 105), is to be compared with the results of Bradshaw (1967) for the

neutral boundary layer. The agreement is very close. The effect of
stability ip reducing the turbulent transport of momentum is clear’y

seen from Fig. 29, Fig. 30 shows that the ratio -— decreases with

) 2
stability. The variation of -—— with the distance from the wall is

KM

seen to bzcome large only near the wall. In most of the inner half
region of the boundary layer, its magnitude is about constant and equal

to 0.85 for Ri = (0,0112, 0.70 for Ri = (0.0247, and 0.60 for
8 &
Ri 2 0.0883. The effect of thermal stratification on the ratio i;}
5

will be discussed further 1n connection with the structure of the wall

layer.
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4.2.4 Probable Errors in the Flux Measurements:

Different types of errors that are common in hot wire
measurements have been mentioned in Chapter 1II. In viev of the fact
that the results wcre obtained after a complicated measurement, cali-

bration and data reduction procedure, it is difficult to make an ac-

curate analysis of the errors in the flux measurements. It is expected
that th: use of more than the minimum number of data that was necessary
for obtaining the final results reduces the random errors. Moreover,
the detailed calibratiun of the wire at different temperatures provides
consistency checks on the measu.ed sensitivities of the wire. Some
independent checks on the ac ucacy of the shear stress measurements
were made by comparing valu2s of u, as obtained from hot-wire measure-
ments with the values of u, inferred from the 'wall layer'" velocity
profiles. This was possibie only fo- U_ = 30 and 20 fps in which case
a log-law could be assumed to be valid for small z . The measured
values of u, were found to be in good agreement with those inferred

from velocity profiles as scen in the following Table.

T 12 (4-1)
U, u, from m.asure- u, from Mean Veli:ity u, caiculated
fps ments t u'w', Profiles, from Ludwieg and
ps fps Tillmann's Fen la,
fps
30.0 i.00 0.97 J.967
0.0 0.584 0.57 0.656
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Furthermore, for the ne»r neutral case of U_= 30 fps, u, in the
present case compares very well with the value of u, calculated from
Ludwieg and Tillmann's (1950) formula.

These checks indicate that the probable errors in the present
measurements of u'w' may not be significantly greater than those

common in the corresponding measurements in the neutral flow. Errors

in w't' would be somewhat greater than those in wu'w'. As an inde-
pendent check on the accuracy of heat flux measurements, the wall heat
flux can also be calculated by using the following equation given by
Reynolds, Kays and Kliné (1958) for heat transfer from boundaries with

step discontinuity of temperature

o=
B‘r—-

u CT
=3 T -T) ('6-) (4-3)

L]

a
o

in which % is the exponent in the power-iaw approximation of the
velocity and temperature distributions in the boundary layer: a value
of mw = 6 was cbserved in the wind tunnel by Plate and Lin (1966).
Equaticn (4-3) is based on the assumptions that velocity and temperature

X

profiles are similar, and _K; = 1 . Since the ratio X, in the present
l'l

case is consistently smaller than w.nity. its dctual average value was

considered, and Eq. (4-3) modified as

* N

Ho K, u 6.\ @
—_9=—}:“-, (T_-T) (-T) (4-4)
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was used for calculation. In view of the observed pecuiiarity of

temperature profiles near the edge of the themal layer, the thickness
G
, could not

of the thermal layer ¢ and consequently the ratio

T® 5
be determined accurately. But Eq. (4-4) is hardly sensitive to 6T/6 ,

sirce the later is raised to a power of about - %-. A ralue of

5 .
T/86 = 0.65 as discussed in section 4.1 has been used. An error of
) H

10% in 'KI will cause an error of only 1.7% in B%- . Measured and

calculated values of Ho/pcp are found to agree within 20% as in the

followirg . le:

Tabie (4-2)
Ho H

u 5o from Measurements L from Eq. (4-4),
* ; pC o,
fpS p of w't', P ft F/sec

ft °F/sec
30.90 2.16 2.58
2G6.0 0.95 1.12
10.7 0.32 0.312

Equation (4-4) is in fact based on the parameters of the whoie boundary
layer, and may not take into account properly all the conditions near
the wall.

In view of the preceding discussion, it can be stated that the

accuracy of u'w' and w't' measurements is better than 1+ 15%.

4.3 Structure of the Wall Layer:

In the previous sections the results were presented for the

boundiry layer as a whole. NO theory treats the motion in the whole

RO
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boundary layer at the same time. It 1s customary to diviue the flow
field into rmgions )ike viscous sublayer, wall laver, outer layer, etc.
Various theories reported in Chapter II have been developed for the
motion in the surface layer of the atmosphere. The basic assumptions
involved are thuse of plane homogeneity and constant fluxes. It
follows from the discussion in section 4.1 that plane homogeneity has
been approxirmately realized ir the present experiments, at least with-
in 6 in. (z/6 = 0.2, from the floor. But, the thickness of the layer
in vhich the vertical fluxes are approximately constant is less than

2 in. (z/¢é = 0.06). Experimental data on velocity prufiles in the
boundary layer and pipe flows in neutral conditions lLave been shown
previously to follow the log-law over a wide regron notwithstanding

the large changes in the momentum flux. It has been pointed out by
Monin and Yaglom (1965) that the distribution of average hydrodynamic
flow fields and integral characteristics of turbulent flows are not very
sensitive even to quite signifincant change in the fluxes. Some direct
measurements of the vertical fluxes at twe heights in the atmospheric
ground layer by Mordukhovich and Tsvang (1966) clearly indicate that

these fluxes change with height in the atmospuere, too. For this reason,

the data rrom a layer 0.01 i.'% < 0.15, has been considered in the
following discuassion of the structure of the thermally stratified wall
layer.

4.3.1 Comparison of the Mean Velocity and Temp:ratwure
Profiles with the Similarity [hcory

In Figs. 31 and 32 are presented the measurements of the
mean velocity and tempcrature in the wind tuniei in terms of the coor-

dinates of Monin and Obuxhov's (1954 similarity theory. There is nu
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. . s z :
doubt tnat the stability parameter — correlates very well the aata

L
pertaining to different stability conditions in agreement with Egs.
(2-23) and (2-24). The choice of 2 ef =-%6 has been made for con-

venience so that Zref falls within the thickness of the wall layer
for all the three ambient-velocity cases.

The temperature data show more scatter than the velocity data.
It can be seen from Fig. 31 that the log-linear law given by Eq. (2-25)
with a value for B = 10 fits the data best. This value for the embir-
ical constant B , is to be compared with the value of 7 reported
by McVehil (1964), 8.5 by Gurvich (1965) and 9.91 by Zilitinkevich and
Chalikov (1968) from measurements in the atmospheric surface layer.
From an earlier set of measurements in the same wind tunnel, Plate and

Lin (1966) obtained B = 7 for stable case. But, the values of u,

used by them were determined from Ludwieg and Tillmann's (1950) tormula

which gives consistently higher values than the measured ones, as the
flow becomes more and more stable, (see Table 4-1). A correction of
u, in the data of Plate and Lin will make the value of B8 abcut the
same as found in the present study.

Figure (32) shows that the temperature data are also in good
agreement with the log-linear law given by Eq. (2-26). The curves

representing Eq. (2-26) for BT = 15 and 20, are shown in the same

figure. It is seen that BT = 17 will give the best fit. That such a

high value should be necessary for BT is surprising; but it is con-

sistent with the theoretical conclusion (see Ellison (1957) that the
K

ratio -Kﬁ—, which for the assumptions of constant fluxes and log-

iinearity is approximately given by

DL
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Ky 2
l1+8 L
—K; = 3 (4"5)
z
1+68 1
must decrease with increase in stability. A value of BT = 10.4

is reported by Zilitinkevich and Chalikov (1968) from atmospheric
measurements.

Empirical constants 8 and BT cannot be considered universal
in the same sense as functions f (—%-) and fT (-%—) iua Eqs. (2-23)

and (2-24) are, since the former are determined by approximating the

z

experimentally determined forms of the latter in some interval of i

As has been shown by Taylor (1960) and Monin and Yaglom (1965), 8

and BT will depend to some extent upon this interval of approximation.

_— . . kz U z aT
The similarity theory predicts that S --—G*— 3z ° and R -—T—* 33
must be universal functions of -{%. This is well brought out by Figs. 33

and 34. But some departure from the linear behavior that would be
expected from log-linearity of the velocity and temperature profiles is
to be noted. It appears that small deviations from the log-linearity
of the profiles show up more in S and R, in which gradients are
involved, than in the profiles themselves. .

In view of the departure fron the linear variation of S and R

with —%—, a power-law variation was considered. If one sets

w
11}

Ao P (4-6)
and

Z
E J » (“'7)
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then velocity and temperature profiles are given by

Uz) -u( Zref ) - _él_ ( z) P _ ref P (4-8)
u, 3 T L
and
q z q
T(@) -T(z_,) _ B Z ref
- ref " q (17) - "TT_") (4-9)

Except for the inclusion of an additional parameter L in the
power law given here, it is similar to that proposed by Deacon (1949).
Values of empirical --nstants obtained from Figs. 35 and 36 are:
A' = 4.2, p=0.30, B' =5.7, anc = 0.3}, these remain approximately
constant over a fairly wide range of z/L say, 0.01 < z/L < 0.25.
The value of the exponent p in Fig. 35 is to be compared with the
values obtained in an earlier study by Plate and Lin {1966) and those
observed in the atmosphere by beacon (1949), who shows that (i-p) * 1,
in near neutral conditions, and is consistently less than unity in
stable conditions (€.8.,1-p =0.73 when Ri =0,09). Values of the
coeffecients A' and B' and exponents p and q in Eqs. (4-6) and
(4-7), in fact, vary with z/L as seen from Figs. 35 and 36, The change
is particularly noticeable for small z/L. This is in agreement with

the results of Deacon.

4.3.2 Comparison of the Turbulence Characteristics with
the Similarity Theory:
- - N ,,’-.L._.._,.v e S
K
The ratio oas calculated from mecasured fluxes 1s
M .
a as a functisi of stability parameter T It is scen

=
/

shown in Fig. 3
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to decrease with -% just as expected from theoretical and physical

considcrations (see e.g., Ellison (1957) and Stewart [1959)).-K;- would

also be given by the ratio %;, (Fig. 37b) if the momentum and heat

fluxes or their ratio, remain constant with height. Since this is not
exactly so, the results of Figs. 37a and 37b differ slightly. 1In Fig.
37b is also represented Eq. (4-5) which is based on the approximation

that S and R vary linearly with {%. It is seen that agreement

of Eq. (4-5) with measured values of KH/ KM is not good. On the other
K
hand, an approximately constant value of ‘Tﬂ = 0.74 corresponding to

“

const:nt fluxes in Eqs. (4-8) and (4-9) is found within the range of
validity of power-law formulae with constant exponents.
There has not been any close agreement in the various experimen-

K
. . H ..
tal determinations of -— ev:. for near neutral conditions. For

example, values rangingKﬁrom 9.8 to 1.4 have been reported (Monin and
Yaglom (1965)). Experimental evidence on the variation of — with

the stability is even more lacking for stable conditions. Mo;t of the
estimates have been made indirectly from measured wind and temperature
profiles. Direct determinaticn from the flux measurements in the
laboratory havc been reported by Ellison and Turner (1960) who conducted
experiments in the mixing layer of the salt and fresh water with aegative
salinity gradients in a rectangular tube. Values of M plotted against

8

Ri by these authors show considerable scatter, hut with a definite

K
H - .
tendency for < - to decreasc as stability increasces. The present re-
K
sults of - are in agreement with (hose of Ellisen and Turner. The
™ K

. . b :
initial sharp change in K for siall values of rotF probably due to
M ’

the effect of the cioseness of the wall as shown by Fig. 30, rather than,
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to the effect of stability. Measurements of Mcrdukhovich and Tsvang

(1966), and Record and Cramer (1966) in the near ground layer of the
K
atmospher: ilso indicate values of -EE less than unity for stable

conditions. The latter are compared with the wind tunnel results, in

Fig. 37a.

According to the Monin-Obukhov similarity theory, Ri and Rf

must be universal functions of {?. Figures 38 and 39 clear’y show

that well-defined unicue functions of —%— exist for 'Ri. and Rf in
the present measurements. Whether these functions are really uri1versal
can be seen only after comparing data from different souices. No such
data are available from other laboratory measurements. Some measure-
ments in the atmosphere have been made by Gurvich as repeorted by Monin
and Yaglom (1965), Mordukhovich and Tsvang (1966), and Cramer (1967).
It is seen from Fig. 38 that Gurvich's curve agrees with the present
data very well. Data prints due toe Mordukhovich and Tsvang, in spite
of the large scatter, do not show any consistent deviations from what
may be considered as a universal curve. In that case, it is immaterial
whether one uses —E- or Ri as a similarity parameter.

The results of the measured turbulent intensities in the wall
layer are presentcd in\;jx%_do infgg;ps of similgfity coordinates. A

[ VERVE B

. . u v w'*
slight tendency for — and
u, u, u

to decrease u.

L4

R, increases is observed. 7The wind tunnel measurements are compared
with the data from the atmospheric surface layer reported by Mordukhovi-n
and Tsvang (196b) in Figs. 41, 32, and 43, Separate symbels have been
used for the data from different heights to bring out any height depen-
dence besides what has beon implicit an Ri' The tollowing observa-

tions can be made from this comparison. ¥irst, similarity between the

PRV

R
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wind tunnel data and the atmospheric data is noteworthy. Second,
atmospheric data show too much scatter to give any precise form for the

universal functions fl’ f2’ f3’ etc., in Eqs. (2-30), (2-31), (2-32),

etc. Finally, there is a marked height dependence on the results of

<z  Jy..2

\RTY ! .
E—- and E—- , both 1n the wind tunnel and the atmosphere. These
* fa

observations are generally borne out also by the field measurements at
Massachusetts Institute of Technology reported by Cramer (1967). The

2
w! . . R
results of o~ in the present study are also in good agreement with

*
an earlier set of measurements (see Fig. 42) made in the same wind
tunnel and at the same station by Cermak and Chuang (1965). They did
not measure u, , however, and therefore their data for only U_ = 10 fps
could be used for comparison here, using value of u, as obtaine! from
the present experiment. Earlier, Monin ( 962) reported a value of

\ ;:f/u* = 0.7 in the neutral air, which is inconsistent with a value
of about 1.3 indicated by the measurements discussed here, as well as
with other measurements repcrted by Panofsky and McCormick (19€0), and
Klug (1965). Monir's estimate was not based on the directly rieasured
value of u, , which might be the reason for such difference. Some
differences in the reported values of V/Efé/u, are noted WhiCh_TEZ
partly be due to the fact that even under neutrzl conditions \/ ;Tifu,
varies with height unless the free stream turbulence level is very high
(see Pilate and Sandborn (1966)).

There is some contradiction between the shapes of the universal

[ .
function \/t'"/T, = f  (-~), in stable conditions as reported by
V . 3L
Monin (1962}, who tas shown that it decreases with an increase in
stability, . fivated by rhe wind tunnel and the atmospheric

measurenents represented an Fiyg. 33, which shoew that "or the same
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height V/:T§>T* incrveases with an incre: ;e in the stability. The
only other data due to Cramer (1967) favors the latter. Clearly, more
datr~ .ith accurate heat flux measurements is needed tc resolve this
serious difference.

On the whole, it can be observed that the Meonin-Obuknov similar-
ity theory is well supported by the wind tunnel measurements, and this
theory should therefore form the basis for laboratory modeling of the
near ground layer of the atmosphere.

4,.3.3 Comparison of the Present Measurements
with Ellison's Theory:

The results of the present study can be used to calculate
the decay times Tl’ TZ’ and T3, using Eqs. (2-33) through (2-35),
and the lengths LH and LM introduced by Ellison (1957) as discussed
in Chapter II. The results of these calculations are summarized in

the following tabl:,

D i i MO 18 A T IMNS. i Ara
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Table (4-3)
2 2
+ R16 Re 1 T 4 T1AS oy Ly
2 T3 el T, L
011  .0033 34 5.18  5.72  1.96  0.55  .048
030,025 .0075 43 5.3  6.01  2.57  0.42  .044
.10 el 77 5.58  6.47  4.97  0.21  .036
0l .006 )8  5.08  5.16  1.4% 1,01 .08l
055 .025 .07 38 5.42  5.14  1.95  0.64  .rés
.10 033 67 452 5.93 399  0.30 .05
011 L0078 25  4.57  4.86 1.23  1.33  .110
075 .025 013 .38 4.8 4.8 1.8  0.82 .08l
.10 .039 68 493  5.77 3¢,  0.38  .062

Ellison assumed (Tlfxzj = 1, in Eq. (2-30) to predict a value of

Rfcr = 0.15. The experimental results indicate that Tl/T2 , as well
as q'z/w'2 vary significantly with strbility and also, to some extent.
Z T]_ —_I-z\-l
with —= In so for as R... is equal to the value of [l + — %—
P rl.\‘, ‘—"“2 »
2 w!

for near critical conditions as indicated by Eq. (2-36), the present
data are in agreement with Ellison's assertion that R‘cr may be even

less than 0.15. The assumption of the constancy of Tl/T, is net
T 2
. 1 . .
suppcrted by the experiments, however. But, T s scen to remain
3

fairly constant, and not much different from a value nf & used in

Eq. (2-37) to predict a value of Yw’t' = 0.3 for pear-neutcral

conditions. This is also supported v the results in Fig. 14, Ths

length scales l\l and l,” prorased by fllison, decrease with an

A i Y 344 K N S —
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increase in stability as expected., Also in agreement with the con-
clusion of his theory, [ and Yure show a tendency to decrease as

stability increases, as cun be seen from Figs. 37 and 44.

4.4 Spectra of Velocity and Temperature Fluctuations

4.4.1 Velocity Fluctuations Spectra:

e b Ve SN, TS AT
e 2 " *

One dimensional energy spectra of veitical anu lateral
velocity fluctuations measured at various locations in the boundary
layer for ambient velocities of 30, 20 and 10 fps. are given in Table V.

These have been normalized with respzct to mean square fluctuacions such

that

! r. :

.;.'2 _;’ Foo (k) dkp =1 (4-10)
o]

1 's

—— |~ = -

= J B (k) dk =1 (4-11)
Q

The normalized spectra for U_ = 30 fps are shown in Figs. 45 ard 46.

The shift in the spectra with che position in the boundary layer is quite
significant. As "§~ increases, the proportion of the energy contained

in high wave number: betomes less and lass. The high wave number end

of ail the specira shows . k'? behavier in agreement with Heisenberg's
(1948) theury. An extensive subrange shawing k'5/3 behavior is

vbserved for U« 30 fps, when /5 is large. The extent of this

subrange becomes less and less as U or /% is decreased. As has f
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been discussed by Alkseev and Yaglom {.967), determining the extent of
inert.al subrange from the measured cne-dimsensional spectnm is mis-

leading in the sense that since a one-dimensional spectrum varies more
smoothly than the correspondingrthree-dinensional spectrum, the foimer
may be approximated by the formula F (kl) ~ kl°5/3 , OVer a consider-

ably greater range of wave numbers than the three-dimersional spectrum

E (k).

4.4.2 Comparison With Kolmogorov's Similarity Theory:

In order to couxpare the observed spectra with Kolmogorov's
(1941) similarity theory, it is necessary to express them in the
reference frame of similarity coordinates, i.e., F (kl)/(e-:S)l’/4
versus k1/kS where, ks = € 1M/\a 3/4 » is the Kolmogorov wave number.

Cormonly, € is determined from the u'- spectrum by using the isotropic

relation

2
€ =15 v f k] Fy (k) dk (4-12)

This method is not available in the present study since u'- spectrum
could not be measured because of difficulties in obtaining a signal
proporticnal to u' alone. Even otherwise, it is doubtful whether
Eq. (4-12) will be valid for sufficiently stable conditions, where
the effect of low velocities as well as buoyancy, is to make a larger
part of the spectrum deviate trom the assumptions of local isotropy.

As discussed in Chapter II, for the region in which diffusion
terms in the energy equation will be negligible, Eq. (2-18) can be used

for calculating ¢ . Accordingly, ¢ has been determined (see
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Table VI} for the layer .009 < < ,075 and the nondimensionalized

O~

k -
spectra F_, (-il ) =F,, (k) / (ev”)

k
1/4 1,
, and !;, ( ks ) =

N

Fo (k) / (@27

ploited in Figs. 47 und 48. It is seen tnat the
spectra pert~ining to different velocities (stscilities) and to differ-
ent positions in the boundary layer fall close togzether in the high
wave nugber region, and branch off ¢ different points, depending upon
the size of energv containing eddies, from vhat may be considered a
universal curve. There is also obpserved a small but consistent shift

in the spectra with z/§ , such that the constant oo in the spectral

form for the inertial subrange given by

F (k) k.| 5/3
—L - il\) (4-13)
s/

(ev5)1/4

increases with an increase in z/§. This shift cannot be explained
with certainty. If the spectra for 30 and z0 fps are compared at the
same 2/8 , no significant change in b is noticeable. Therefore, the
observed shift is not due to the effect of stratification, but perhaps
due to the error in the estimation of € . A more accurate determina-
tion of € will be needed to check whether there is really some effect
of stability on the Kolmogorov constant.

The present experimental results can be compared with the spec-
tral form obtained from Heisenberg's (1948) theory which for three-
dimensional energy spectrum in the equilibrium range can be written as

(see Rotta (1962))

e Lraat L SIS

A e Rt

S rm——— a2
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in which a, is a constant. After substituting in Eq. (4-14) the

1
numerical value of ay corresponding to the value of 0.48 for the
Kolmogorov constant 2, for u' spectrum, and transforming it in

terms of universal parameters, one cbtains from Eq. (4-14)

-5/3

E (n) = 1.466 n

-4/3
4] (4-15)

[1 + 10.67 n

. . k . . .
in which, n =X - The corresponding one-dimensional spectrum for
s
lateral or vertical velocity fluctuations can be obtained by using the

isotropic relation (see Batchelor (1953a))

) .1 _1 E_(K)
Fy (k) =5 .[ > x dk (4-16)
k)

k
which in terms of n and " =-El-, can be written as

y n
F, (n) = J( 1+— ) B0 g (4-17)

where F (n ) (-§— ) = Fw' (ii:
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After substituting from Eq. (4-15) into Eq. (4-17), the following

equation is obtained.

© 2
" -8/3 4] -4/3

pz (n) = 0.733 “[ (1 +— ) n [1 + 10.67n dn (4-18)

n

"

Eq. (4-18) represents Heisenberg's one-dimensional energy spectrum of
lateral or vertical fluctuations. A numerical integration of Eq. (4-18)
was performed which has been represented in Figs. 47 and 48 for com-
parison with the experimental data. It can be seen that Eq. (4-13)

describes the measured spectra in the equilibrium range quite well.

4.4.3 Spectra of Temperature Fluctuations:

The measured one-dimensional spectra of temperature
fluctuations are shown in Figs. 49 and 50. These have been normalized

such that

e (k)) dk, =1 (4-19)

-+
o\ 3

The sane trend with z/§ is observed for t'- spectra as for v'- and
w'- spectra. The high wave number end shows k™’ behavior in agree-

ment with Corrsin's (1951) predictioan., The inertial subrange region is
almost absent for the case of U_= 10 fps; it is significant, however,

for U_= 20 fps and /¢ = 0.37.
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In none of the v' , w' , and t' spectra, could the so-called
buoyancy subrange be identified. This was expected, of course, from
Lumley's (1965a) discussion according to which the byoyancy subrange
would not occur except in very strong inversions where Rf would be
close to unity.

The spectrum of temperature fluctuations can be used to calculate

€ by using the isotropic relation (see Hinze (1959)).

t'

. 2
€., =6a _]- Ky 0pr (k) dk; (4-20)
[v]

Values of €er

ing Table with those given by Eq. (2-19) using heat flux measurements.

calculated from Eq. (4-20) are compared in the follow-

Table (4-4)
u, z €, from €,y from
£ps § Eq. (4-20) Eq. (4-19)
R’ CFy?
sec sec
.0046 356 486
20 182 242 234
073 95 68
.0044 232 164
10 0176 116 78.4
071 65 28.2
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The agreement is not very good. The possible reasons for this are:

First, an ecror in calculating €t s {rom spectral measurements using

isotropic relation (4-20), while the low wave number end of these

spectra up to a wave number as high as 70 is not even locally isotropic;

second, an error in the value of et obtained from Eq. (2-19) due to

neglected diffusion terms. Over what region uf the wall layer Egs.

(2-18) and (2-19) car be usad to determine & and ¢

. cannot be

ascertained from the present measurements.
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Chapter V

CONCLUSIONS

The results of measurements in a stably stratified turbulent
boundary layer in the wind tunnel have been discussed in Chapter 1IV.

A range of gradient Richardson numbers from 0 to 0.25 in th. boundary
layer has been covered. With the difference in the wall ten .erature

and ambient air temperature almost fixed in the experiment, Ri has
become necessarily correlated with ambient velocity and, therefore, with
Res . For this reason, the Reynolds number effect, though relatively
small, also has shown up when the effect of change in Ri on turbulent
quantities is studied. The rms fluctuations and turbulent fluxes as
normalized by U_ and (Ta'To) are shown to decrease considerably with
increase in stability. The vertical component is relatively more
affected than the longitudinal component.

Special attention has been given to the lowest (excluding the
viscous sublayer) 15% of the boundary layer, i.c. the wall layer. The
results obtzined for this layer have been compared with Monin and
Obukhov's similarity theory and other theoretical models. The theoret-
ical requirement of constant fluxes is met at most by only a third of
the wall layer, but plane-homogeneity in the sense that the fiow char-
acteristics do not change noticeably in the direction of flow has been
realized at the measuring station.

Mean velocity and temperature profiles in the wall layer are in
fair agreement with Monin and Obukhov's (1354) similarity theory.
Logarithmic-linear laws with & s 10 and 8. = 17 in Eqs. (2-25) and

T

(2-26) represent the mean velocity and temperature data quite well.
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Significant departures from the corresponding linear relations for

kz 0U z 9T
§=— and R == ~—
3z T, 9z

m , however, are noticed. These are shown
*
to be better represented by power-law relations which also suggest the

power-law form of the velocity and temperature profiles as in Eqs. (4-8)

and (4-9).
KH .
The parameters — R. and R_ are unique functions of —-

KM | f L

in agreement with the similarity theory. Close agreement with the
limited measurements that are available from the atmospheric surface
layer further shows that these functions may well be universal. Since

Ri is a universal function of -{} , it is equally valid to use the

former, which is more easily determined, in the similarity representation

in place of —E—. The ratio —— is consistently less than unity (up to

K

0.6 in the experiment) in stable conditions so that the often made

assumption of 7§;= 1 may not be justified in even moderately stable

s V! v v! w'_2
Turbulent quantities , o and
* * *

varying functions of R.1 , “their magnitude decreasing with increasing

stratification.

are slowly

stability. In magnitude these compare well with atmospheric data which

show the trend wi Ri less clearly because of large data scatter.
Y
The quantity ~%— , although somewhat dependent on height, is seen
*

to increase with increasing R.1 . This agrees with atmospheric measure-

ments reported by Craggg (1967), but disagrees with those of Monin
\
tl

T as a decreasing function of f?.
*

hewever, T, was not determined from direci heat flux measurements, and

(1962) who shows In the latter,

it is possible that this resulted in such » difference. More data is

needed to resolve th:s serious difference.




70

In general, it can be concluded that mean flow and turbulent
characteristics of the wall layer in the wind tunnel are well represent-
ed by the Monin-Obukhov similarity theory and, therefore, this theory
should form a basis for modeling of similar characteristics of the
atmospheric surface layer. Moreover, wind tunnel data can give the
form of various universal functions in the similarity squations more
precisely than the atmospheric data can do because of large scatter
and variable conditions in the latter.

The resuits of Ellison's (1957) theory as to the general trend
of variation of —f; S LH and LM with stability ar. verified
by the present exper.ment. The assumption of the constancy of the

T 2
ratios — and Sq? in his theory. is not borne out by the measure-
w!

T
: LR

ments which show both $; and =~ increasing with increase in
w! —_
T. ,2
stability. The assumed numerical value of 1ga . 5.5, however, is

T, w?

in agreement with the experimental trend for gtrong stability conditions,

and consequently, Ellison's prediction of Rf 55;0.15 appears to be
cr

roughly correct.

The normalized svectra of velocity and temperature fluctuations
show strong dependence on -%~ and U_ . From the non-dimensionalized
representation of the spectra in terms of Kolmogorov's similarity
theory coordinates, it can b2 concluded that all spectra have a shape
which, irrespective of thermal stratification, follows a universal curve
for lurge wave numbers that correspond to the equilibrium range. The
magnitude of the energy in this runge itself gets reduced, however, due
to the combined cffect of decrease in Reynold number and increase in

stability.  Stratitication, together with shear, affects the spectra

also in the range of eneryy containing vddies.  But ne particular
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subrange is indicated in which buoyancy will act to the exclusion of

shear to give the so-called buoyancy subrange. This is in agreement

with Lumley's (1965a) discussion of the conditions for the existence

of a buoyancy subrange. Although the small scale structure of tur-

bulent motion remains unaffected by stability, the overall energy level,

and magnitude ¢f turbulent production and dissipation get considerably

reduced as stabiltiy increases.

In summary, it can be concluded that

1.

The effect of increasing stability is, in general, to sup-
press turbulence in the boundary layer and to make the fiow
more anisotropic.

The structure of the wall layer is well represented by
the Monin-Obukhov similarity theory. In particular, the
logarithmic-linear law for mean velocity and temperature
profiles with the value of empirical constants about the
same as has been found from atmospheric measurements, is
valid. 1t is also shown that a power-law similerity profile

can give even a better fit.

K
In the wall layer, parameters —Ji-, Ri and Rf are
|
universal functions of the stability xatlo <%L d S0 are
L \ oyt \ v ~7
the turbulent quantities T, -—-, R
u, 1, u, T,

etc., in agreement with the results of the similarity theory.
X
fﬂ drops sharply away frow the wall and is consistentlv less

Ny
than unity in stable stratification,. V/u"/u, and

\/ t' /T, also show some height dependence over and above

that considered in the stability parameter.
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4. Good agreement of the present laboratcry data for stable
conditions with the Monin-Obukhov similarity theory, which
has been shown previously by others to represent the struc-
ture of the atmospheric surface layer shows that this theory
should form the basis for simulation of near ground atmos-
pheric motion by wind tunnel flows.

5. Kolmogorov's local isotropy theory is valid for turbulent
spectra in the equilibrium wave number range irrespective
of stratification. The extent of this range, however, is

greatly reduced as stability increases.

(7))

No byoyancy subrange is indicated by the measured spectra
of v' ,w'and t°',

The following recommendstions can be made for any future investi-
gation of the thermally stratified boundary layer from the point of view
of atmospheric simulation.

1. Measurements of the mean flow and turbulent quantities in
unstable stratification, as well as more strongly stable
conditions than covered by the present experiment,should be
made to study whether conciusions of the present study can
be extended to include all the stability range of interest.

2, Efforts should be made to thicken the constant flux layer
in the wind tunnel by the use of surface roughness or shear
grid, to make the flow conditions more near to thosc of the
theoretical model.

3. At.empts should be made to make R, as independent of

Rc as pructicahle by varying the temperature or the wall
A

and that of ambient air.

o
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The dissipation & , should b: determined by using a more
direct method e.g., from the spectrum of longitudinal
fluctuations. The fact that the normal wire is sensitive to
to both velocity and temperature fluctuations make this

somewhat difficult and new experimental techniques need be

developad for this purpose.
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APPENDIX A

YAWED WIRE RESPONSE

For a given hot-wire ancmometer sct up, the voltage output across
the wire must depend on the total velecity U,rot , angle of yaw 6 ,
and the difference in the temperature of the wire and that of local

fluid. So that in functional form one can write

v e e

o, T . (A-1)

For converience, two variables UTot and 6 can be combined to
constitute what may be called the 'effective velocity,' Ueff , for
heat transfer. So that

E=f (U T) (A-2)

eff *

and in differential form

dE = 2E U .+ SE ar. (A-3)

Recognizing the fact that in addition to the component of the
total velocity which is normal tc the wire, the one parallel to it also,
affects the heat transfer from the finite wire, Hinze (1959) and later
Webster (1962) suggested the following expression for Ueff in the

absence of turbulence.

A

“off

-
s
[

= 4" (sin T o e i cos i) (A-3)
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In Eq. (A-4), a is an empirical constant having a value between

0.1 and 0.3. Webster determined an :verage value of a = 0.2. His
measurements show considerable scatter with values of a ranging be-
tween 0.1 and 0.3, but no systematic variation with length-to-
diameter ratvio of the wire. Precise measurements of heat transfer from
hot-wires were also made by Champagne, Sleicher and Wehrn wn (1967)

who showed that Eq. (A-4) correlates the data very well. From this

study value of a is found to depend primarily on 1'/d ratio. For

1
platimum wires, a 1is approximately 0.20 for 1% = 200, decreases
! ?
with increasing -é— and becomes effectively zero at %r = 600. No

significant differences in the values of a are found for wires of
different materials.
In the turbulent field, referring to Fig. 5, one has in place of
Eq. (A-4)
2

Upep = <(U PNTLE R w'2> sin® (8 «+ de) +

s

a‘ <(U + U')2 + w'2> cos2 (6 + de) + vl (A-5)

Using the trignometrical identities for sin (¢ + dé&) and

cos (9 + dv), and further recognizing that

sin d8 = e 3T
U+ u,)2 o wrt) 1/2
. (
U e
cos A= o SRS TR :
e uh)™ e h’"? -

!
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the following equation can be obtained after neglecting second order

; u' v ) LA
terms in U U and T
L 2 2 ' 2
Ueff = U sin ® [(1 + 4" cot" 8) (1 +2 -ﬁ—) + 2 (1 ~=a")
{%’ cot 6 ] 1/2 (A-6)

Equation (A-6) after differentiation gives

dU o= (1+a cot? g) “1/2

(1 - az) cot 6 ]'1/2

u' w'
12—+ 2 (=)
[ u U (1 + azcotze)

{ (1 + az cot2 8) du' sin 6 + (1 - az) dw' cos 9] (A-7)

After Bernaulli expansion of ths second parenthesis terms anc

]

1
again neglecting second and higher order terms in ~ﬁ— and -ﬁ— and also

terms like wu'du' and u'dw' , one obtairs

2
[ {1« 32 cot” ) du' sin ¢ e (] - .2) dw' cos ® (A-8)

After substituting from Eq. (A-8) intc Eq. (A-3) and making use
of the common assuppticn that for small fluctuations differentials can
be replaced by fluctuations themeelves, the following equation is

obtained
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u' +

2
a - az) cotzﬁ W.J + E 4 (A-9)
(1 +a” cot® 9)

Since the wire sensitivity is determined from calibration in a

turbulent free stream, it follows from Eq. (A-4) that

B (sin 6 + af cos?e) =& | (A-10)
aUeff al
sO that
2
e' =-§§~ u' + (4 ; 2 )2 w' cot 6 | + g% t (A-11)
(1 + a~ cot™ 8)

Equation (A-11) is the basic response equation of the yawed wire,

Comparing it with Eq. (3-1) yields the required relationship between

el s oE 3E .

the two sensitivities 30 and 36 viz.,

I O (1 -a’) cors  IE IE

JE - a’) cot R JE
T 30 "l ol g 0T ag (A-12)
(1 « a° cot” 8)

where,

C . (1 - a {___

(A-13)
(1 + & cot™ )
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It can be seen that c¢ decreases with decreasing yaw angle which is
what may be expected.

Thus, for a known a and 0 , ¢ can be calculated from Eq.
(A-13). The following table gives values of c¢ for different values

of 6, and for a = 0.20

8 60° 50° 45° 40° 30°

c 0.948 0.934 0.923 0.908 0.85%

A more rigorous derivation of the hot-wire response equations by

Champagne et. al., (i%67) leads to a value of ¢ = 0.925 for 6 = 45°,
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APPENDIX B

COMPUTER PROGRAM FOR LEAST SQUARE FIT

OF EQUATION Y = A X2 + B X

Ny B, e

R

*FORTRAN
PROGRAM | STSh
000002 NIMENSION SUM(S)s HED(R) 9X(12)9Y(12)
000002 FINISHAOMF [MISH
000004 1 READ 102.HED
N 000011 IF(HED (1) =FINISK) 243092
x 000013 2 PRINT 104 WED
4 000020 RTAD 100.NP
y 00002% NG & 1315
14 000027 4 SUM(])mO,
¥ 000033 00 10 T=1 NP
¥: 060035 READIOLeX (1) Y (T}
: § 000044 SUM(4) = SUM{4) ¢ Y(I) *x(I)
: 000050 SUM (5) = SUM(S)ev(I)ex(TI)®X(])
1 000053 00 10 Jm1e3
13 000034 10 SUM{JIBSUM(J) o X(T)®®(Je])
1 S 060070 DBSUM(3)8SUM(]1) « SUM(2)#SUM(2)
1. 000073 PRINT1ING, (SUM(J) 9 J%1+5) sD
B3 000106 AS(SUM{1)®SUM(5) eSUM(2) *SUM(4)) /D
8 000112 B (SUM(3) eSyM{4) = SUM(2) *SUM(S))/D
¢ 000116 WRITE (6+10%) A¢B
% 00012% WRITE (64106)
: 000130 DIFF2m0,
g & 200131 DO 20 IF14NP
§ 000133 YCEASX (I)®X (1) o 3*X(I)
3 000137 DIFF ® Y(1)ey(
- 000141} NIFF28NIFF2 « DIFF®DIFF
% 000143 20 WRITE (64107) X(1)eY{1)9YCoDIFF
, 000161 WRITE(6¢108) DIFF2
. 000166 GO T0 1
£ 000167 30 CALL EXITY
L 000170 100 FORMAT(I4)
| £ 000170 101 FORMAT (2F10.A)
3 000170 102 FORMAT (8A10)
- 000170 106 FORMAT (1K1+8A10)
3 000170 105 FORMAT (3HOASE16.716X:2HBRE16,7)
g 000170 106 FORMAT {1HOoTX o 1HXs 11X THY GIVEN6X 4]} 0MY COMPUTED.
18Xy 10HDIFFERENCE)
3 000176 107 FORMAT(IN & FP1S.4)
, 000170 108 FORMAT (30HOSUM OF SQUARED OIFFERENCES =
: 1E16,7) )
4 000170 109 FORMAT(1F +8F15,4)

: 000170 END

o

- [P
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TABLES
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Ay g et

TABILE |
SUMMARY OF THE BOUNDARY-I.LAYER PARAMETERS ‘
Run| X U, T, T 5 R, R, U, T L :
. No. | ft fps op oF £t ¢ ! fps o ft ¥
2
1 78 30.05 119.9 39.01 2.23 3.02!{102 L0113 1.01 5,38 17. 6 E
2 78 30.00 ‘19,8 40.0 ¢ 2. 23 3 leog .0112 1. 00 527 17.5 i
3 78 30.05 113. 4 42,0 2.23 3.023(105 . 010 1.08 5 00 210 :
4 78 30. 40 119. 6§ 42.0] 2. 23 3. OE‘}xlO5 . 0118 1.05 5 28 19.3 5
5 78 30.10 119. 0 40 0| 2. 23 3. 02)(105 L0111 1. 04 5 37 18 5
6 70 30.10 119.2 40 ] 2 23 3. 03)(105 . 0110 1 05 5 45 18 6
7 78 20.25 i18. 0 40.0 | 2.29 2, OQX105 0234 0.609 | 419 8. 20
B | 78 19. 95 116 2 40.0 | 2. 29 2. OBXIOQ . 0247 0.584 | 3 97 795
9178 20. 15 111, 0 37.01 2.29 2. 09)(10; 0238 0 581 3.82 8 11
10 78 20 20 117. 5 40 0 | 2. 29 2. 09)(105 . 0234 0 568 3 89 7 67
11 78 19. 80 118 4 39.0| 2.29 2 04x105 . 0262 0. 604 4 32 7 80
: 12 70 19 .80 1.8 4 39.0] 2. 29 2, {)4)(105 0262 0. 604 4 32 7 30
i 13 78 970 117 0 38 0| 2 37 1 05)(105 113 0 221 3 28 1.40
: 14 78 9. 35 117. 0 38.0 2 37 1. 01x105 .121 0 228 3. 51 1 40
k: 15 | 78 10. 10 1170 38.0 | 2 37 1. 09)(105 104 0. 241 3.43 1.59
16 | 78 10. 05 114.0 40.0 | 2. 37 1408)(105 . 0981 0. 243 3.26 1.77
- 17 76 10.7 115. 5 40,0 | 2.37 1.15x10 . 0883 0.246 | 3 17 1.81
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FABLE 1T

MEAN VELOCITY AND TEMPERATURE DATA

Kun No. 1
A o= 78 ft
U 30,05 fps
T, > 1i9.9 %
T, = 39.0 O
z ] T
in. fps O
0.19 15 14 91.83
034 16 72 €4 50
0.54 18 14 97. 74
0.96 19.35 101.78
1.41 20.50 102.70
1.95 21.40 104 87
2.5C 21.92 106.43
3.01 22.43 108.60
3.47 22,90 109.13
4.01 23,23 110.60
4.49 23.65 111 .80
5.03 24.06 111.74
5. 16 112,91
6.00 24.75 113.79
§.95 25,30 114.61
7.98 25.85 115.48
§.90 26.20 116.08
9.50 26.55 116.52
10.80 26.83 117.00
11.90 27.22 117.57
12,77 27.45 118.00
13.80 27.80 11f. 43
14.75 28.10 118.70
15.76 28.40 119.00
16.85 28.65 119.26
17.87 28.92 119.30
18.90 29.10 118.30
19.87 29.23 1iv. 39
20.55 29.47 119 .52
21.60 29.70 119.65
22.65 29.84 119.74

29.95 119.87

RRun No. 2 Run No 3
x = 78 ft x = 78 ft
U = 30.00 fps U« 30.05 fps
T = 119.8 % T = 113,3%
T, = 40.0 °F T, = 42.0 F
z U T z [}] T
in. fps oF in fps O
019 1475 91.70 0.125 15 50 94.30
0.25 1523 92.34 0.200 17 38 86.7
0.41 16.34 96 04 0.355 1825 900
.66 18.03 97.65 0.66 19.57 94.8
1.05 19.33 100.95 0.94 20.35 97.3
1.50 20.37 103 30 1.45 21.33 98.5
2.00 20.83 104 42 1.98 22.00 100.5
2.60 21,50 105.70 2.47 22.58 1015
3.16 22.30 108 .25 2.98 23.10 103.0
3.88 23.25 109.60 3.77 23.80 104.5
4.70 23.95 111.25 507 24.87 106.3
5.70 24.55 111 88 6.39 25.40
6.62 24.76 2. 66 7.75 26.10 108.5
7.63 25.40 13.79 9.40 26.63 109.3
8.75 25.85 114,70 10.63 27.08 1100
9.80 26.22 115.47 12. 00 7.32 110.6
10.85 26.63 116.30 13.37 7.62 110.8
11,93 27.20 1186.87 14,73 27.93 111.2
12.95 C7.38 117,38 16.14 28.37 111.5
14,02 27.72 117.70 17.57 28.65 111.7
15.05 28.05 118, 00 "8.82 29.07 111.9
16.10 28.36 118.21 20.20 29.27 112 2
17.23 28.64 118.42 21. 30 29.57 112,86
18.30 28.95 118.66 22.77 29.83 113 08
19.30 29.18 118.83 24.00 29.98 11317
20.35 29.36 119 00
21.45 29.60 119.30
22.55 29.81 119.55
23.50 29.93 119.75




PR N
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Foo= 11 o
Ty = 42,0 0%

u :

fps in
15.08 0.13
16.19 0.17
17. 04 0. 28
18. 03 0. 45
19. 05 0. 68
20. 32 1.01
21. 26 1. 39
22.32 i, 87
22,98 2,55
23. 60 3.45
24.08 4.42
24, 51 5. 00
25.10 5. 80
25. 42 6. 60
25. 87 7.70
26. 31 8.70
26. 68 9. 80
7.04 16.85

V0N VR Y N T EAITTERATT R DATA S Continued
o N 5 Run No. 6
x AN E] = 70 ft
U 10 fps = 30,10 fps
[ N = 119.2 °F
[
fy = 0.0 % = 40.0 °F
u ] T
in fps fps F
0.082 14 .22 0. 16.02 88 42
0.094 15,23 0. 16.45 01 25
0.199 16.63 0. 18,00 94.30
0.484 18.37 0. 19,55 98 00
0.89 19.72 1. 20.64 101.00
1,19 20.48 1. 21,37 103.13
1.5 21,23 2. 22,11 104.79
1.95 21.63 2. 22. 44 106.34
2.35 22.27 2. 23.08 107.50
2.76 22,56 3. 23,36 108. 48
3.13 22,93 4, 23,88 109.54
3.53 23.27 4, 24.24 110.38
4.04 23.66 5. 24,87 111 48
4.78 23.97 6. 25.38 112.17
5.40 24.45 7. 25,90 113.30
5.95 24.95 8. 26.52 114.00
6.65 25.36 9. 27 00 114 62
7.6 25 83 27.57 115 00
8.55 26 28 28.06 115 38
9.47 26 53 28 63 115 87
10.66 2. 10 28 94 116 21
11,77 27.27 29.41 116. 42
12.81 27.73 29.76 116.70
13.83 28.15 29 98 117 79
14.85 28 41
29.36 19.30 16.45 28.83
29.63 20 .46 18.28 29. 2§
29.85 21.75 20,15 29.50
30.07 22,74
30, 20

Y W’M»‘&w
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TABLE 11
MEAN VELOCITY AND TEMPERATURE DATA - Continued

Run No, 7 Run No. 8 Run No, 2
x = 78 ft x = 78 ft x = 78 ft
U, = 20.25 fps U, = 19.95 fps u_ . 20.15 fps
T, = 118.0 OF T. = 116.2 °F T, * 111.0 °f
T, = 40.0 °F T, = 40,0 OF T, » 37.0 °F
z U T z U T z u T
in fps OF in, fps oF in. fps oF
0 135 8. 85 83. 87 0.125 8.1 79. 82 0. 094 8. 58 75 15
0. 250 9.76 87. 43 0.25 10, 07 83. 87 016 9 90 80 70
0. 50 11. 50 80. 87 0.50 11.36 87. 83 0. 41 10. 66 82.175
0.75 12.18 93. 43 0.75 11.178 89. 92 0.81 11. 64 86 75
1.0 132, 68 95, 22 1.0 12.18 92. 28 1.14 12. 28 88. 50
1.5 13.30 97. 48 1.5 12.93 95. 00 1.8% 12,93 92. 00
2.0 14.00 100. 04 3.0 13. 63 98. 78 2.13 13, 53 93. 00
2.5 14. 46 102.17 3.0 i4. 44 100.13 2. 83 13, 87 95. 4
3.0 14,91 103.34 4.0 15,00 103.886 3 24 14,10 98.5
3.5 15.13 104,46 5.0 15.43 105.08 3. 86 14,35 98. 5
4.0 15,36 105, 58 6.0 15.86 106.74 4. 54 14,91 100.6
5.0 15.78 108.04 7.0 16.21 108.04 8. 03 15.46 103.0
6.0 16.08 109. 21 8.0 16.48 109, 22 7.08 15,87 104.0
7.0 16,38 110, 54 2.0 16,67 110 35 8. 10 16.17 105.0
8.0 16.79 111.38 10.0 16.87 111.40 9. 27 16.46 106.0
8.0 17,08 112,38 11,8 17,15 113.35 10.37 186,86
10.0 17.3% 113,17 12,0 17.43 113,04 11,50 17,23 107.0
11,0 17.€4 113.70 13,0 17.72  113.50 12,80 17,60 108.0
12,0 17.81 114, 34 14,0 18.00 114.00 14,20 17,97 108.85
13.0 18.17 114.70 15,0 18,27 114,43 15.50 18,39 109.0
14.0 18.36 114,98 18,0 18.44 114.57 16.55 18,73 109.5
15. 0 18,53 115,21 18.0 18,86 114.78 17.80 14,16 109,8
18,0 18.79 115,51 20.0 19.28 115.26 18.75 19,38 110.04
i1.0 18.95 115,79 22,0 18,70 115.80 20,00 19.64 110.13
18,0 19,23 116,08 23,0 19,80 116.00 21,08 19.82 119,22
19,0 19,47 116,38 22,25 19,93 110,44
20,0 19.71 116,92 23.25 20,06 110.85
21,0 19.87 117,25
22,0 20,03 117,38

23,0 20.07 117,79
23,15 20,12 118,87

i e MOSSMNIA§ 120, SR NS,
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wLE 1l

MEAN VELOCTEY AND TEAPERATURE. DATA - Cont inued
Run Nav, B0 Rut No, 1 Run No. 12

x = 78" x = 78 ft x =70 ft

U, = 0.0 tps U_= 19,80 fps U, = 19.80 fps

T,om 17,5 %% I, = 118.4 %F T, : 118.4 %F

3 T [+
I, = 40.0 °F Ty = 39.0 °F T, = 39.0 °F
z U z T 2 U T z U r

in. fps in. o in. fps o in. fos oF
0.125 8.82 0.12 85.25 0.082 8.41 84,17 0.209 10,24 68.87
0.140 9.17 0.20 87.50 0.149 10,1t §7.70 0.254 10.60 89.30
0.34 9.98 0.37 89.30 0.294 10,83 90. 30 0.504 11,46 §2.34
0.50 10,44 0.57 91.21 0.54 11.67 92,34 0.804 12.24 95.61
0.74 11.17 0.74 92.42 .74 12,01 93.66 1.14 12.84 97.75
0.96 11.72 1.02 94.50 1.02 12.62 95.96 1.51 13.28 99.70
1.26 12,24 1.39 97.30 1.37 13.11 98.30 1.88 13.64 101.00
1.62 12.85 1.90 99.70 1.76 13.48  100.13 2.49 14.17 103.57
2.13 13.47 2.58 101.42 2.25 13.95  1c2.08 2.90 14.40 104.00
2.83 13.95 3.26 103.13 2.68 14,33 103.34 3.48 14.94 105.83
3.49 14,34 4.39 105.08 3.18 14.62  104.86 3.94 15.13 106.79
4.17 14.75 5.20 107.47 3. 14.89  106.13 4.85 15.67 108.70
5.03 15.13 6.15 108.70 4.36 15.23 107,76 5.63 15.99 109,53
5.90 15.52 7.20 110.13 5.05 15.58  108.92 6.52 16.35 111.00
6.77 15.83 8,18 111.08 5.80 15.95  110.00 7.62 16,76 112,50
7.50 16.13 9.33 112.08 6.71 16.27  111.08 8.65 17.11 113.00
8.34 16.34 10.48 113.17 7.78 16.66  112.30 9.65 17.49 113.38
9.23 16.59 11.26 113.79 8.80 16,88  113.00 10.79 17.83 113.79
10.25 16.96 12.57 114.42 5.0 17.43 113,79 12.09 18.10 114.21
11.25 17.32 13.67 114,02 11.03 17.69  114.62 13.52 18,51 114,53
12.25 17.67 14,73 114.83 12.20 18,09  115.13 15.22 18.86 115.04
13,50 18.05 15.79 115, 34 13.61 18.49  115.87 17.35 19.29 115.34
14.70 18.31 16.80 115.58 15.50 18.85  116.30 19.23 19.44 115.86
15.85 18.57 18.12 115.92 17.40 19.14  116.75 21.56 19.52 117.38
16.60 18.87 19.13 116.21 19.36 19.40 117,17
18.01 19.17 20.34 116.50 21.44 19.59  117.70
18.65 19.41 21.49 116.7
19.7 19.68 22.73 117.00
20.73 19.82
21,77 19.98
22,75 20.08
23.50 20.15




Run No. 1§

- 78 ft
U_ » 10.10 fps
T, = 117.0 °F
T, = 38,0 O
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TABLE 11
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MEAN VELOCITY AND TEMPERATURE DATA - Continued
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MEAN VELOCITY AND TEMPERATURE DATA - Continued

23.50 9.96 113.7

Run No. 16
x = 78 ft
U, = 10.05 fps
T, s 114,0 °F
0
TO = 40,0 °F
z 1} T z T
in. fps or in. o
0.125 3.21 72,7 0.084 75.70
0.180 4.21 77.5% 0.114 3. 78.35
0.46 4.7 82.0 0.144 4. Ty.42
0.72 5.13 84.7 0.254 4. 81,30
0.99 5.40 86.3 0.480 4. 84.75
1.26 .- 88.7 0.79 S. 8€.34
1.61 5.78 80.7 1.29 S. 89.79
1.99 6.10 92.4 1.76 6.1° 82,50
2.65 6.42 94.7 2.22 6. 95.00
3.09 6.64 96.3 2.79 6. 97.66
3.58 6.83 97.6 3.46 7. 100. 10
4.02 7.00 99.4 4.21 7. 102.30
4.5C 7.13 100.6 .17 7. 104.00
4.98 7.25 105.5 6.19 8. 105.92
5.38 7.35 102.0 7.45 8. 108.58
5.89 7.58 103.4 9.03 8. 109, 43
6.88 7.99 104.5 11.83 9. 112
8,03 8.19 106.0 21,44 10. HERLS
.25 8.36 10€.7
9.98 8.47 107.1
11,07 8.61 107.9
12,00 8.74 .-
13.11 8.88 109.1
14.10 8.97 109.5
14,96 9.11 109.8
16.02 9.3 .-
17.12 9.37 110.3
18.10 9.46 --
i9.08 9.5¢ .-
20.00 9.62 110.7
21,15 9.79 111.0
22.40 9.90 112.3

il o SRR




DATA ON RMS TURBULENT FLUCTUATIONS
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TABLE II1

Run No. 1 Run No. 4
U_ = 30.05 fps U, = 30.4 fps
T = 119.9 °F T, = 119.6 °F
)

T, = 39.0 °F T, = 40.0 °F

z Vr€$i z uZ z viZ z \/;75
in. Oy in. fps in fps in. fps

G.062 5.48 0.125 2.510 0.12 1.863 0.130 1.139
0.125 5.16 0.34 2.532 0.21 1.896 0.17 1.253
6.25 4.8 0.54 2.454 0.30 1.908 0.28 1,358
0.50 4.62 0.96 2.361 0.47 1.898 0.45 1.375
0.75 4.44 1.41 2.320 0.67 1.812 0.68 1.393
1.0 4.26 2.0 2.187 1.03 1.804 1.01 1.425
1.5 4.03 3.0 2.121 1.43 1.764 1.39 1.415
2.0 3.8 4.0 2.000 2.07 1.727 1.87 1.441
2.5 3.58 5.8 1.883 2.81 1.705 2.55 1.441
3.0 3.35 8.0 1.793 3.56 1.691 3.45 1.4355
3.5 3.17 9.9 1.655 4.35 1.687 4.42 1.455
4.0 3.08 11.9 1.539 5.04 1.689 5.00 1.437
4.5 2.94 14,75 1.470 5.90 1.68¢9 5.80 1.424
5.0 2.76 17.8 1.35¢ 6.60 1.665 6.60 1.409
5.5 2.44 7.60 1.614 7.70 1.403
6.0 2.47 8.65 1.561 8.70 1.395
7.0 1.99 9.70 1.552 9.80 1.384
8.0 1.77 10.75 1.538 10.85 1. 376
9.0 1.54 11.75 1.513 11.97 1.576
10.0 1.27 12.69 1.494 13.10 1.369
11.0 1.09 13.94 1.467 13.90 1.352
12.0 0.21 15.08 1.425 15.00 1.319
13.0 .72 16.08 1.403 16.90 1.288
14.0 0.63 17.12 1.349 17.05 1.263
16.0 0.51 18.19 1.290 18.14 1.231
18.0 0.41 19.37 1.230 19.30 1.190
20.0 0.46 20,43 1.178 20.46 1.154
22.0 0.39 21.61 1.116 21.75 1.077
i 22.70 1.047 2..74 1.035
23.50 0.968 23.87 0.962




97

TABLE III

DATA ON RMS TURBULENT FLUCTUATIONS - Continued

% S et

(im e e S

Run No. 7 Run No. 10
L, = 20..5 fps U, = 20.2 fps
= 118.0 °F T, =117.5 °F
T, = 40.0 O T, = 40.0 op
z t12 z Vur? 2 \/;TE Z
in. OF in, fps in. fps in.
0.062 5.14 0.25 1.532 0.125 0.984 0.125 0
0.125 4.73 0.5 1.483 0.20 1.038 0.140 0
0.25 4.47 1.0 1.374 0.37 1.012 0.34 f)
0.50 4.06 1.5 1,319 0.57 0.996 0.50 0
0.75 3.90 2.0 1.254 0.74 0.990 G.74 0
1.0 3.73 3.0 1.210 1.02 0.970 0.96 0
1.5 3.65 4.0 1.188 1.39 0.964 1.26 0
2.0 3.48 5.0 1.133 1.90 0.982 1.62 0
2.5 3.32 6.0 1.047 2.58 0.972 2.13 0
3.0 3.23 7.0 0.988 3.26 0.961 2.83 0
3.5 3.11 9.0 0.942 3.85 0.940 3.49 0
4.0 2.98 11.0 0.897 4.39 0.935 4.17 0
4.5 2.86 13.0 0.842 5.20 0.926 5.03 0
5.0 2.74 15.0 0.788 6.15 0.970 5.90 0.
5.5 2.57 18.0 0.713 7.20 0.922 6.77 0
6.0 2.40 21.0 0.554 8.18 0.921 7.50 0
7.0 2.16 9,33 0.922 8.34 0 ,
8.0 1.87 10.48 0.922 9.23 0 :
9.0 1.70 11.26 0.923 10.25 0 |
10.0 1.49 12.57 0.893 11,25 0 .
11.0 1.33 13.67  0.8711 12,25 0 |
12.9 1.16 14.73 0.850 13.50 0 i
13.0 0.99 15.79 0.815 14,70 0 |
14.0 0.87 16.80 0.780 15.55 0. i
16.0 0.61 18.12 0.760 16. 60 0
18.0 0.46 19.13 0.703 18,01 0
20.0 0.44 20.34 0.658 18.65 0
22.0 0.41 21.49 0.622 19.73 0
2.73 0.578 20.73 0
23.50 0.500 21.77 0
22,75 0
23.50 0

R g oS N AT o S 1 v
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TABLE III

OAT\ ON RMS TURBULENT FLUCTUATIONS - Continued

Rua No. 15 Run No. 16 l
U_= 12.10 fps U_ = 10.05 fps '
T_= 117.0 °F ; T = 1180 °F !
T, - 38.0 OF | T = 40.9 OF !
z v o'z z \,FJ—'_Z ! z V2 z \jrj-{ :
in. or in ps in. fps in. €ps i
0.12: 4.72 0.125  1.772 | 0.125 ¢©.148 0.125 0.124 |
0.25 4.4 0.25 0.641 | 0.'5  0.259 .19 6.207 !
£.50 3.94 0.50 9.561 | 0.46 0,299 0.55 0.262 i
1.0 3.55 1.0 0.553 { 6.72  0.304 .88 0.277
1.5 3.52 1.5 0.526 | 0.98  0.312 1.22 0.276 |
2.0 5.44 2.9 0.511 © 1.26  0.316 1.71 0.274
2.5 3.32 2.0 0.495 | :i.61 0.318 2.37 0.27¢ ;
3.0 - 3,15 4.0 0.473 - 1.99 0,318 2.85 0.269 !
3.5 2.98 5.0 0.407 ;| 2.65 .32 3.31 0.266
4.0 .74 6.0 0.332 ; 3.09  0.329 4.26  G.261 !
4.3 2.49 7.0 0.382 | .02  9.336 5.50 G.263 !
5.0 2.20 9.0 0.336 | 4.50  6.332 6.60 0.268 !
6.0 i.87  11.0 0.308 | 4.98  0.328 8.3C 0.275
7.0 .70 13.0 0.289 | 5.38  0.323 9.73 0.273
8.0 1.41  15.0 0.289 | 5.8  ©0.321  11.15 0.275
9.0 1.20  18.¢ 0.290 ! 6.88  0.324  12.72 0.276
10.0 .99 i 8.03 0.332  14.40 0.277 .
11.0 0.95 g.25  0.331  16.35 o.2712 |
12.0 0.61 ' 9.98  0.330 13.20 0.245 |
13.0 0.50 '12.00  0.323
4.0 0.44 14.10  0.313
16.0 0.40 16.02  0.297
18.0 0.35 18.i0  0.25%
20.0 0.31
22.0 0.27 |
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TABLE V

DATA ON ONE-DIMENSIONAL SPECTRA - Continued

U_~20fps , R, = 0.0234
- ‘6
2= 0.125 in, z - 0.50 in. =20 in, 2= 5.0 in. e 10,0 in.

S YO 98 V2L N I SR Y (VL IE N B PO Y (39 123 Ky 4 G/TT | Ky o (kp)/E2
fr-! ft fe-1 ft fe-1 fr fe-1 ft fe-1 fe
Lisxio' 1.26x1002) 9.14 1.60x10°2 | 7.50 2.24x10°2 | 6.72 2.51x102 | 6.00 3.62x10-2
1.41 1.3 1.14x:0! 1.66 9.38 2.55 8.40 3.00 7.51 3.19
1.76 1.23 1.43 1.67 11710t 2,16 s.0sx10! 2,75 9.39 2.81
2.26 1.19 1.83 1.48 1.50 2.18 1.34 2.60 1.20x10!  2.31
2.82 1.02 2.29 1.39 1.88 1.78 1.68 2.14 1.50 2.40
3.53 9.35x10°3 | 2.86 1.01 2.34 1.32 2.10 1.64 1.88 1.66
4.52 7.56 3.66 8.52x10°3 | 3.00 1.03 2.69 1.36 2.41 1.2
5.65 5.712 4.57 6.54 3.78 8.05x10"3 | 3.36 9.47x10-3 | 3.00 8.46x10°3
7.06 3.89 5.7 a7 4.69 5.88 €20 6.47 3.76 6.12
.82 2.90 7.18 5.57 5.%6 4.39 5.25 4.46 4.69 4.68
1.23x102 2,25 9.15 2.62 7.50 2.97 6.72 3.2 6.00 3.09
1.4 L 1.14x10° 1.80 9.38 1.79 .40 2.14 7.51 1.81
1.7¢ 5.99x10°% | 1.43 9.1821074 | 1.17x102  9.20x10°% | 1.05x30%2 1.12 9.3 _ 9.63x1074
2.26 3.91 1.83 6.23 1.50 5.96 1.34 7.07x10°4 | 1.20x102 7.31
2.82 2.09 2.29 3.7 1.88 3.44 1.68 3.40 1.50 3.7z
3.53 Lis | 2.8 1.95 2.34 1.91 2.10 208 |18 1.99
4.52 3.65x10°% | 3.66 8.32x10-5 | 3.00 7.37x10°5 | 2.69 2.09x107> | z.41 6.65x10~%
5.68 1.41 4.57 .16 3.7% 3.23 3.36 2.95 3.00 2.89
7.06 4.67x10°% | 5.7 1.15 4.69 8.55x10°% | 4. 20 9.95x10°% | 3.76 1.00
.82 1.22 7.15 3.36x10°% | 5.86 1.32 5.25 3.44 4.68 3.37x10°7
1.13x103  «.37x10°7 | 9.15 1.0s  _|7.50 6.22x107 | 6.72 7.40x10-7 | 6.00 7.39x10-7
1.4 2.76 1.14x103 3.59x1¢°7 | 9.38 1.42 5.40 . 173 7.51 2.14
1.76 1.77 1.43 .38 1.05x10°  5.66x10-8

U,=10fps, R =0.113

s
t = 0,125 2 = 0.50 in, 2w 2.0 in, 2 =50 in. 2 = 10,0 in.
K T |k e 0T | Ky e ()t ke, /6T |k bpo )/
fe-t fr fe-1 ft £e-1 ft fe-l fr £e~1 fr
s.00x10'  1.25x10°2 | 2.00x10! 1.28x10°2 [1.66x10)  1./4x10°2 [1.37x10) 1.99x1072 |1.19x10!  3.46x10-2
3.87 1.24 2.62 1.3 2.07 1.75 1.72 2.14 1.48 2.70
4.83 102 | 3.2 1.28 2.59 1.53 2.4 1.91 1.85 1.93
6.18 8.91x10°° | 4.19 1.23 3.32 1.53 2.75 1.91 2.37 1.92
7.73 5.35 5.23 8.02x10-3 | 4.15 1.16 3.43 1.35 2.96 1.15
9.67 3.93 6.54 6.62 5.19 9.04x10"5 j4.29 1,02 3.70 8.30x10-3
1.24x102  1.97 o83 s 6.64 5.48 5.49 6.94x10°3 |4.74 6.83
1.55 3.68x10°% | 1.05x10° 2.17 8.2 310 6.86 3.83 5.93 3.10
1.93 3.94 1.31 1.02  fi.04x10?  1.66 8.58 1.98 7.40 1.81
2.42 1.73 1.64 5.13x10°% | 1.30 8.73x104 {1.07x102 8.63x10-% |9.2¢ 9.97x1074
3.09 5.96x10°5 | 2.09 2.2 1.66 3.78 1.37 4.58 1.19x10%  4.67
3.87 9.53x10"7 | 2.62 7.23x10°5 | 2.07 1.28 1.72 1.78 1.48 1.84
4.83 2.90 3,77 2.29 2.59 2.98x10°5 |2.14 4.70x10°% |1.85 5.15x10°3
6.18 L1 |49 5.47x10-6 | 3.32 1.05 2.7% 1.51 2.37 1.46
7.73 3.22x1077 | 5.23 1.25 4.15 2.21x10°6 [3.43 2.82x10°% {2.96 5.56x1076
9.67 1.09 6.54 3.39x1077 | 5.19 4.03x10-7 {a.29 6.78x10-7 |3.70 1.94
8.37 1.11 6.64 5.86x10°8 474 7.74x10°7
5.93 4.24 J
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FABLE ¥

BATA ON ONF-DIMENSTONAL SPECTR® .~ Continued

U =00 fps L Ry s 0013
A
. = 05 in. = 1.6 an z = 2.0 ir, 2 = 5.0 in.
Lx Fv,(k|l/v‘ Ll Fv,(kil/v’? kl. Fv,(kl)/v-z Ky Fv,(kl)/v‘2
fe-l f1 fe-t £t fr-l ft fr-! fr
2.09x100  1i12x10- {1.ssxie! 1.34x10-2 [t.esx1o!  1.47x10-2 |1.37x10!  1.82x10-2
2.62 1.17 23 1.43 2.07 1.61 1.72 1.82
3.27 1.10 2.89 1.26 2.59 1.43 213 1.80
419 1.12 3.70 1.39 3.32 1.42 2.7% 1.54
5.23 8.3710°% 462 1.07 4.18 1.04 1.43 1.23
6.54 6.95 5.78 8.88x10"> |s.19 8.20x10"3 |4.29 9,80x10°3
837 3.70 7.40 4.61 6.64 5.32 5.49 6.51
1.05x102  2.26 9.25 2,65 8.29 3.01 6.86 3.74
1.3: 1.23 1.16x167  1.49 1.04x102  1.57 8.58 1.74
1.04 6.62x10"%  [1.44 7.49x10~%  {1.30 7.55x10°% |1.07x102  8.70x1074
2.09 3.31 1.85 3.72 1.66 2.93 1.27 3.59
2.62 1.4 2.3 1.1 2.07 1.30 1.72 1.59
z.27 4.44x10°% |2.89 4.76x10°5 {2.59 4.74x10°5 |2.14 5.48x10°5
——
z = 0.5 in. z =1.0in. z = 2,0 in. z= 5.0 in.
N F.()/m'2 Ky F o (k)2 ky F ok e 't Fyo (kp) /w2
eg-l ft fe-l ft fr-1 ft fe-1 ft
z.09x10)  9.sex10™ |r.gsx10!  1.14x30°2 1.66x10'  1.44x10°2 {1.37x10! 1.47x10°2
2.62 1.01x167%  [z.31 1.17 2.07 1.48 1.72 1.48
3.27 9.40x107> |2.89 1.07 2.59 1.49 2.14 1.70
4.39 9.56 3.70 1.17 3.32 1.47 2.75 1.63
5.23 7.35 4.62 1.00 4.15 1.15 3.43 1.27
6.54 5.44 5.78 8.16x10”3 [s.19 9.08x10-3 [4.29 1.09
8.37 , 3.7 7.40 5.17 6.64 5.73 5.49 6.31x10"3
1.05x10°  2.30 9.25 3.2 8.29 3.27 6.86 3.94
1.31 .27 . [Laex1e? 170 1.04x102  1.75 (858 2.14
1.64 6.49x10™% [1.44 8.90x10"% |1.30 8.90xt0” ' [1.07x162 1.0
2.09 3.45 1.85 4.49 1.66 4.51 1.37 4.66x107%
2.62 Ler o l2.31 1.83 o 12.07 1.68 1.72 Lol
327 5.56r10 2.89 6.35x107° [2.59 s.45x10~5 |2.14 7.28x10°¢
4.19 2.50 3.70 2.75 3.32 2.40 2.75 3.12
5.23 1.57 .62 1.07
6.55 1.22
8.38 5.59x107%
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TABLE VI

PARAMETERS USED IN SPECTRAL CALCULATIONS

z u, U v € kg

in. fps fps ft2/sec ft2/sec? ft-1
0.125 30.00 15.55 4 .
0.25 30.00 - 17.06 | 2.11 x 10 110.00 | 1.85 x 10
0.50 30.00 18.44 | 2.15 x 10-2 56.10 | 1.546 x 1o§
1.00 30. 00 15.99 | 2.18 x 10° 25.80 | 1.259 x 10
2.00 30.00 21.77 | 2.22 x 10': 11.58 | 1.014 x 103
5.00 30.00 24.32 | 2.27 x 10° 5.97 | 0.845 x 103
0.125 20.00 8.90 | 2.00 x 100 | 35.00 | 1.447 x 103
0.25 20.00 10.2¢ | 2.03x10% | 20.50 | 1.251 x 103
0.50 20.00 11.00 | 2.08 x 1074 | 10.74 | 1.046 x 103
1.00 20.00 12.11 | 2.12 x 1074 6.26 | 0.899 x 10
2.00 20.00 13.41 | 2.15 x 1074 3.44 | 0.765 x 103
5.00 20.00 14,95 | 2.21 x 1074 0.95 | 0.545 x 103
0.125 10. 00 3.25 | 2.00 x 104 2.40 | 0.741 x 103
0.25 10.00 4.22 | 2.03x 1074 1.90 | 0.690 x 103
0.50 10.00 4.80 | 2.06 x.107%4 1.104 | 0.596 x 103
1.00 10. 00 5.43 | 2.08 x 1074 0.688 | 0.527 x 103
2.00 15.00 6.06 | 2.12 x 1074 0.379 | 0.446 x 103
5.00 10.00 7.32 | 2.19 x 1074 0.117 | 0.325 x 103
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Fig. 3 Instruments: 1. Spectrum analyzer 2. Oscilloscope

3.
5.

Transonic pressure meter 4. Hot-wire anemometer
rms volt-meter
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2-5K 25K
= 9V. Battory
RMS Meter o1 pecistance Thermameter

DR - Decade Resistor

Oscilloscope (AS - Golvon,ometer
- Ammeter

Figure 4. Resistance thermometer: circuit diagram
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Figure 6.

Hot-wire calibration curves
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Figure 7.

Hot-wire sensitivity to changes in velocity
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Figure 8,

Hot-wire sensitivity to ¢!

5 in temperature
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Figure 15.

Distribution of turbulent intensities;

R = 3.02 x 105 and R.
e 1

s )

= 0.0112
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Figure 16.

Distribution of turbulent intensities;

= 2.07 x i0° and R. = 0.025
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Eq.(4-18)
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Figure 47, Representation of v'- spectra in the

similarity coordinates and comparison
with tieisenberg's theorerical axpression
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